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PREFACE 


This  document  is  a collection  of  technical  reports  on  research  conducted  by  the  participants 
in  the  1993  NASA/ASEE  Summer  Faculty  Fellowship  Program  at  Kennedy  Space  Center 
(KSC).  This  was  the  ninth  year  that  a NASA/ASEE  program  has  been  conducted  at  KSC. 
The  1993  program  was  administered  by  the  University  of  Central  Florida  in  cooperation 
with  KSC.  The  program  was  operated  under  the  auspices  of  the  American  Society  for 
Engineering  Education  (ASEE)  with  sponsorship  and  funding  from  the  Office  of  Educa- 
tional Affairs,  NASA  Headquarters,  Washington,  D.C.  The  KSC  program  was  one  of  nine 
such  Aeronautics  and  Space  Research  Programs  funded  by  NASA  Headquarters  in  1993. 
The  basic  common  objectives  of  the  NASA/ASEE  Summer  Faculty  Fellowship  Program 
are: 

a.  To  further  the  professional  knowledge  of  qualified  engineering  and  science  faculty 
members; 

b.  To  stimulate  an  exchange  of  ideas  between  participants  and  NASA; 

c.  To  enrich  and  refresh  the  research  and  teaching  activities  of  participants’  institu- 
tions; and, 

d.  To  contribute  to  the  research  objectives  of  the  NASA  centers. 

The  KSC  Faculty  Fellows  spent  ten  weeks  (June  1 through  August  6, 1993)  working  with 
NASA  scientists  and  engineers  on  research  of  mutual  interest  to  the  University  faculty 
member  and  the  NASA  colleague.  The  editors  of  this  document  were  responsible  for 
selecting  appropriately  qualified  faculty  to  address  some  of  the  many  problems  of  current 
interest  to  NASA/KSC.  A separate  document  reports  on  the  administration  aspects  of  the 
1993  program.  The  NASA/ASEE  program  is  intended  to  be  a two-year  program  to  allow 
in-depth  research  by  the  University  faculty  member.  In  most  cases  a faculty  member  has 
developed  a close  working  relationship  with  a particular  NASA  group  that  has  provided 
funding  beyond  the  two-year  limit. 
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ABSTRACT 

A number  of  optical  communication  lines  are  now  in  use  at  the 
Kennedy  SpaceP  Center  (KSC)  for  the  transmission  of  voice,  computer 
data  and  video  signals.  At  the  present  time  most  of  these  channels 
utilize  a single  carrier  wavelength  centered  near  1300  nm.  A®  a 
result  of  previous  work  the  bandwidth  capacity  of  a number  of  these 
channels  is  being  increased  by  transmitting  another  signal  in  the 
fsso  nm  region  on  the  same  fiber.  This  is  accomplished  by  means  of 
wavelength  division  multiplexing  (WDM).  It  is  therefore  tmpor  an 
T understand  the  bandwidth  properties  of  the  installed  fiber  plant 
This  work  developed  new  procedures  for  measuring  >b®.  bandwldth 
fibers  in  both  the  1300nm  and  1550nm  region.  In  addition,  a 
preliminary  study  of  fiber  links  terminating  in  the  Engineering 
Development  Laboratory  was  completed. 
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SUMMARY 

A number  of  multimode  optical  communication  links  are  now  in  use 
at  the  Kennedy  Space  Center  (KSC)  for  the  transmission  of  voice, 
computer  data  and  video  signals.  At  the  present  time  most  of  these 
channels  utilize  a single  carrier  wavelength  centered  near  1300  nm. 
As  a result  of  previous  work  the  bandwidth  capacity  of  a number  of 
these  channels  is  being  increased  by  transmitting  another  signal  in 
the  1550  nm  region  on  the  same  fiber.  This  is  accomplished  by 
means  of  wavelength  division  multiplexing  (WDM). 

The  main  goal  of  this  experimental  program  was  to  characterize  the 
bandwidth  of  the  fibers  used  in  these  systems  in  the  1550  nm 
window. 

During  this  project,  new  test  procedure  was  developed  to  measure 
bandwidth  using  the  HP  8702  Lightwave  Component  Analyzer  System 
and  associated  components.  The  system  was  used  to  determine  the 
bandwidth  of  a small  number  of  fiber  optics  communications  links 
terminating  in  the  Engineering  Development  Laboratory  at  KSC. 

Using  the  new  test  procedure,  bandwidth  measurements  were 
accomplished  on  all  multimode  fiber  test  links  terminating  in  the 
engineering  development  laboratory.  These  measurements  showed 
that  the  1550  LED  bandwidth  distance  product  of  .42  ± .01  GHz*km. 
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INTRODUCTION 
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II 

ANALYSIS  OF  EXISTING  DATA 


2.1  SAMPLE  OF  DATA 

A number  of  RF  spectra  were  collected  using  the  HP8702  Lightwave 
Component  Analyzer.  The  experimental  arrangement  used  is  shown 
in  Figure  2-1  and  a sample  of  the  spectra  collected  using  a 15  nm 
LED  as  the  E/O  converter  is  shown  in  Figure  2-2.  Four  different  / 
sources  can  be  employed  LEDs  and  lasers  with  output  wavelengths  in 
the  1.5  micrometer  or  1.3  micrometer  windows. 


short 


Figure  2-1.  Lightwave  Analyzer  Setup  Used  to  Collect  Data 
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Figure  2-2.  Spectrum  of  Link  from  CDSC  to  HQ  using  1530  nm  LED 

A preliminary  analysis  of  these  tcTlo'dB  roll  on  in 

problems  with  the  data.  Mos  SP  flat  area  ;n  the  mid  frequency 
the  low  frequency  region,  a relati  jf  { Ther0  js  n0  physical 
range  and  a roll  off  at  t e g f(ber  | ink  to  roll  on.  A fiber 

reason  for  the  spectrum  o P ' exhibit  the  best  transmission 

acts  like  a low  pass  filter  and  s^  an  analvsis  of  each  element  of 
at  the  lowest  frequencies.  Thereto e an  «naJg«o 
the  lightwave  analyzer  as  well  as  test  proceou 
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LIGHTWAVE  ANALYZER  SYSTEM  AND  PROCEDURES  ANALYSIS 
3.1  Optical  Spectra  of  E/O  Converters 

An  Anaritsu  optical  spectrum  analyzer  was  available  in  the 
laboratory  to  be  used  to  perform  spectral  analysis  of  coherent  and 
incoherent  sources.  This  piece  of  test  equipment  was  equipped  with 
an  IEEE  488  computer  interface  which  provides  for  bidirectional 
computer  communication.  This  equipment  was  interfaced  with  a 
Macintosh  llx  computer  to  enable  the  efficient  collection  of  spectral 
data  in  machine  readable  form  during  a project  in  the  Summer  of 
1989.  The  analyzer  was  used  to  collect  spectra  of  the  E/O 
converters. 

3 1.1  LED  SPECTRA.  The  optical  spectra  of  the  LED-type  E/O 
converters  were  collected.  They  are  shown  in  Figures  3-1  and  3-2 

below: 
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speclralpower  (milliwatts) 
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Spectrum  of  1.53  micrometer  LED 


pigure  3-2.  Optical  spectrum  of  1.5  micrometer  LED  E/O  converter 

3 1 2 LASER  SPECTRA.  The  optical  spectra  of  the  LASER -tyi P®  E/° 
conveys  "ere  collected.  They  are  shown  m Frgures  3-3  and 

below: 
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spectral  power  (miUiwatls/O.lnm) 


1330  nm  Laser  Diode  Spectrum 
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1550  nm  Laser  Diode  Spectrum 
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spectral  power  (milliwatts) 


3 1 3 OPTICAL  CALIBRATION  CHECK  OF  SPECTRUM  ANALYZER.  The  OSA 
was^  checked  by  using  a HeNe  laser  source.  A graph  of  the  spectra  of 
two  LED’s  and  the  sharp  peak  of  the  0.6328  micrometer  laser  .s 
shown  below.  All  spectra  collected  were  normal. 


LED  and  HeNe  Calibration  Spectra 


Figure  3-5.  Optical  calibration  spectra 
3.2  BANDWIDTH  OF  E/O  O/E  CONVERTERS 

s sHTwErTsS.1!  “ 

c-  a*  and  3-7  below.  The  lasers  had  the  same  general 

characteristics  and  the  LEDs  had  the  same  general  characteristics^ 

The  lasers  generally  had  a low-pass  filter  type  ■ 1 
showed  a marked  roll  on  at  low  frequences  and  then  a roll 

high  frequencies. 
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Figure  3-6.  1530  nm  Laser  E/O-Short  Link-O/E  Response 

Spectrum 
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Figure  3-7.  1530  nm  LED  E/O-Short  Link-O/E  Response  Spectrum 


3 . 3 PROCEDURES  ANALYSIS 

The  operating  procedure  and  equipment  setup  used  for  collecting 
data  was  extensively  analyzed.  A number  of  problems  were 
identified  and  corrected.  Most  of  the  problems  could  be  traced  to 
misleading  equipment  indications  and  poor  human-machine  interface 
software.  Each  item  discovered  together  with  the  fix  for  the  item  is 
discussed  in  the  paragraphs  below: 

3.3.1  DONE  COMMAND  USE  AFTER  CALIBRATION.  The  test  procedure 
includes  a step  where  a short  fiber  link  is  attached  between  the  E/O 
- O/E  system  and  a sequence  of  soft  keys  are  depressed  to  memorize 
the  thru  response  of  the  basic  system  elements.  In  the  original 
procedure,  the  sequence  of  key  strokes  was  CAL, CAL.  MENU,  RESPONSE, 
THRU.  Then  another  key  on  the  front  panel  was  pushed.  (Please  note 
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that  labels  in  bold  indicate  front  panel  Keys  and  small  caps  indicate 
soft  key  inputs).  A sequence  of  soft  keys  appear  on  the  right  side  of 
the  CRT  and  get  various  screen  labels  depending  on  the  mode  of  the 
analyzer  The  DONE  soft  key  at  the  bottom  of  the  screen  must  be 
pressed  in  order  for  the  instrument  to  accept  and  memorize  the 
reference  loop.  Since  this  was  not  done  in  the  collection  of  data,  t 
spectra  did  not  reflect  just  the  response  of  the  fiber,  but  also  the 
response  of  other  system  elements  that  should  have  been 
compensated  for.  Therefore  the  original  data  is  useless. 

3 3 2 AVERAGING  DURING  DATA  COLLECTION  AND  CALIBRATION.  If 
datsf  is  to  be  collected  using  averaging,  then  the  reference  short 
loon  response  calibration  should  be  done  with  the  same  level  of 
averadng  tf  averaging  is  used,  the  DONE  softkey  must  be  pressed 
within®  one  second  of  completing  averaging  or  the  instrumen 
incorrectly  restarts  the  calibration  averaging  procedure.  This  is  a 
software  flaw  in  the  instrument. 

on  q USE  OF  PORT  B FOR  INPUT  PORT.  The  diagram  displayed  by  the 
instrument  during  the  guided  setup  phase  of  operation  is  incorrect. 
The  best  dynamic  range  is  obtained  by  utilizing  port  B as  the  p 
lort  from  the  network  instead  of  port  2 as  shown  in  the  guided 
setup  This  gives  an  improvement  in  dynamic  range  of  about  10  dB. 
An  improved  equipment  setup  diagram  is  shown  below  ,n  Figure  3-8. 


isolator  if  laser  short 


i3  used  . 

Figure  3-8.  Improved  equipment  setup  for  bandwidth  tests 
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3.3.4  SINGLE  CHANNEL  VS  DUAL  CHANNEL  OPERATION.  Improved 
graphs  and  more  reliable  operation  can  be  obtained  if  single  channel 
operation  is  used. 

3.3.5  SIGNAL  LEVEL  TEST.  With  an  averaging  factor  of  16,  an 
acceptable  signal  level  from  the  E/O  converter  thru  the  test  fiber  to 
the  receiver  is  different  for  each  different  E/O  converter.  It  is 
recommended  that  acceptable  signal  levels  be  established  for  each 
converter  and  wavelength  region  and  that  a test  be  made  of  the 
signal  level  thru  the  loop  prior  to  making  bandwidth  measurements. 
If  the  signal  level  is  not  sufficient,  bandwidth  measurements 
should  not  be  attempted.  A conservative  set  of  cutoff  points  is 
given  in  Table  3-1  below. 

Table  3-1.  Cutoff  signal  levels  below  which  no  measurement  should 
be  attempted  without  changing  the  procedure. 


1 BO  Converter  ! MINIMUM  SIGNAL  LEVEL  | 

1550  LED 

-34  dBm 

1550  LASER 

-32  dBm 

1300  LED 

-26  dBm 

1300  LASER 

-33  dBm 

3.3.6  INTEGER  REFERENCE  LEVEL  CONTROL  Vertical  reference  level 
control  should  be  set  to  integer  values  in  order  to  make  it  easier  to 
read  the  output  graphs. 

3.3.7  DB  PER  DIVISION  FIXED  VERTICAL  SCALE.  Vertical  scale/div 
setting  should  be  set  to  integer  values  in  order  to  make  it  easier  to 
read  the  output  graphs.  I recommend  1 dB/division. 


20 


IV 


2 1 


BANDWIDTH  OF  KSC  MULTIMODE  FIBER 


4.1  TYPICAL  FIBER  TEST  LINK 


The  Fiber  Optics  Laboratory  “s, c build ing.  See  Figure  4 -1 

multimode  fiber  optic  Itrt  s o 2 4 km  links  marked  (5- 

sr  £ “J55S  p£-r 

:C^r(1^)were  a^=m.  The,  are  routed  from 


the  EDL  to  the  Bananna  River  Repeater  Station. 


fiber 


pannel 

Figure  4-1  Typical  Unk  from  Fiber  Optic  Lab  to  CD.C  and  Back 
Tables  4-1  thru  4-4  detail  the  results  of  the  bandwidth 

measurements. 
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Table  4-1.  Bandwidth  measurements  EDL  links  using  1300nm  laser 


2.06 


~1 .63 


Table  4-2.  Bandwidth  measurements  EDL  links  using  1550nm  laser 


2.41 


Length  iForwardl  Reverse  i Av 


391.5 


235.5 


646.5 


429 


501.5 


340 


BW*Dist. 


Table  4-3.  Bandwidth  measurements  EDL  links  using  1300nm  LED 


An  example  spectrum  collected  using  the  1550.un  LED  E/0  source  for 
loop  7-8  is  shown  in  Figure  4-2  below. 


ii  i-»2  log  MAG 


— " 10  da 


2,-3.0011  dB 
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START  • 300  OOO  MHz 


Figure  4-2.  Sample  Spectrum  EDL  Loop  7-8  1550.UU  LED  E/0  source 
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CONCLUSIONS 


Significant  results  were  achieved.  The  original  data  to  be  analyzed 
was  found  to  be  unusable.  The  test  procedure  was  updated  and 
refined.  Using  this  new  procedure,  bandwidth  measurements  were 
accomplished  on  all  multimode  fiber  test  links  terminating  in  the 
engineering  development  laboratory.  These  measurements  show 
that  the  1550  LED  bandwidth  distance  product  is  .42  ± .01  Ghz*km. 

Further  work  should  be  done  to  sample  bandwidth  of  the  multimode 
fiber  links  in  the  1550  nm  window  of  the  rest  of  the  fiber  plant  at 
KSC  using  the  new  test  procedure. 
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ABSTRACT 
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ri^eaf^SSions  jSZ  — n ££  7“e“ 

collision  of  any  part  of  the  robot  atm  wi  stability  liinction  The  gradient  of  an 

demonstrate  the  efficacy  of  the  control  law. 
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I.  INTRODUCTION 


The  range  of  motion  achievable  by  a robot  manipulator's  end  effector  is  a function 
of  the  number  and  type  of  joints  or  degrees  of  freedom  it  possesses.  Any  degrees  of 
freedom  in  excess  of  the  minimum  number  required  to  reach  an  arbitrary  end  effector 
position  and  orientation  within  the  workspace  are  considered  "redundant".  Commercial 
manipulators  typically  possess  six  or  fewer  DOF  for  primarily  "anthropomorphic  tasks 
such  as  industrial  assembly  and  are  therefore  not  redundant. 


There  are  some  tasks  for  which  such  standard  manipulators  are  not  well  suited, 
such  as  those  requiring  an  extended  reach  in  a confined  workspace.  For  that  reason,  so- 
called  "serpentine"  manipulators  have  attracted  interest  Their  designation  and  appearance 
(Fig.  1)  suggest  the  long  reach  and  dexterity  associated  with  snakes  or  tentacles.  They 
achieve  this  snake-like  ability  by  possessing  a high  degree  of  redundancy.  This 
redundancy  allows  them,  theoretically,  to  "wriggle"  an  end  effector  into  a confined  or 
difficult  to  reach  point  while  allowing  the  robot  arm  to  be  configured  in  such  a way  as  to 
not  contact  the  surrounding  environment. 


Figure  1 

Serpentine  Manipulator 
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One  possible  application  is  the  inspection  and  processing  of  shuttle  orbiter 
payloads  in  the  Payload  Changeout  Room.  During  final  launch  preparations,  tasks  such  as 
connecting/disconnecting  umbilicals,  removal  of  lens  covers,  or  visual  inspections  must  be 
carried  out  on  Shuttle  payloads.  It  is  difficult  and  sometimes  treacherous  for  technicians 
to  see  or  reach  many  of  the  points  at  which  these  processes  must  take  place  and  the 
payload  itself  may  be  put  at  risk.  A serpentine  robot  is  currently  under  development  at 
KSC  to  study  the  feasibility  for  its  use  for  such  tasks  [1], 

There  are  two  traditional  approaches  to  controlling  robot  motion:  to  determine 
the  dynamical  equations  of  motion  for  each  of  the  joints  and  generating  the  required 
torque  for  desired  end-effector  motion,  or  to  control  the  joint  velocities  in  response  to  the 
robot  kinematics. 

The  complexity  of  serpentine  motion,  coupled  with  collision  avoidance 
requirements,  typically  dictate  relatively  slow  motion.  This  usually  renders  the  dynamics 
of  the  robot  arm  negligible.  Therefore,  only  the  kinematics  of  the  serpentine  motion  need 
be  addressed. 

Several  approaches  to  controlling  redundant  manipulators  for  collision  avoidance 
have  been  suggested.  Maciejewski  and  Klein  [2],  Nakamura  [3]  and  Wegerif,  et  al  [4] 
make  use  of  the  pseudo-inverse  and  some  variations  of  null-motion.  Sciavicco,  and 
Siciliano  [5]  make  use  of  Lyapunov  stability  and  an  augmented  configuration  space  to 
track  a prescribed  trajectory  and  incorporate  obstacle  avoidance.  Alternatively,  Pasch 
[1],  and  Asano  [6]  prescribe  an  end  effector  path  and  cause  each  joint  to  follow  it  in  a 
"follow-the-leader1  mode.  All  of  these  methods  require  that  at  least  the  end  effector's 
trajectory  and  velocity  be  prescribed.  This  presumes  that  a clear  path  for  the  end  effector 
is  easily  determined.  Only  [4]  allows  for  the  end  effector  to  deviate  from  the  prescribed 
path  but  only  as  an  emergency  measure. 

In  this  paper,  the  author  presents  an  alternative  method  for  determining  an 
acceptable  robot  trajectory  which  allows  the  end  effector's  path,  as  well  as  the  entrained 
link's  to  be  free  to  move  around  obstacles. 
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H.  MANIPULATOR  KINEMATICS 

The  position  end  orientation  of  the  end  effector  reg"  is  described  using  the 
standard  Denavitt-Hartenberg  convention  as  a function  of  the  gener  ize  vec  or  o 

displacements  q&R"  for  a manipulator  with  n joints. 

C = r(q(0,0  . . _ , !.he 

. , „„l„  the  end  effector's  position  is  of  interest,  giving  m - i.  me 

At  present,  o y Craie  [711  permits  a single  degree  of 

- '*  “ t0  the  (M* 

frame  is  given  by: 

'cos0,  - sin  0*  cos  a,  sin  0,  sin  a, 
sin  0,  cosfycosa,  -cos0,  sin  a,,  @ 

0 sin  a,  cos  a,. 

The  angle  ce,  reflects  the  rotation  of  the  i,h  joint  frame  about  the  local  * axis  with  respect 
to  the  (M)*  frame.  The  angle  6,  is  the  rotation  angle  of  the  /*  joint  and  corresponds 
,0  a component  of  the  vector  J.  The  end  of  the  I*  link  is  located  by  the  vector 

r_,  = r, V,  0 °/  (3) 

so  that  the  end  effector  is  located  by. 

V"  r (4) 

CsLm£i 

Serpentine  manipulator  are  ^^^^^jSp”ossei 

d^re^of  fi^^onv^his  ^ ^nv^i^by^corpoi^ing'links^f  zero 

,he 


-n/2,i  even 
it/2,  i odd 


cos0j  0 — sin  0, 

odJR=  sin  0,  0 cos0, 


I tvtn 

{■  > odd 


cos  9,  o sin  0( 

',R==  sinfy  0 -cos0(  (5) 
0 1 0 


The  location  of  the  link  ends ; and I the  U ustd^  Ironists  offive^S 

for  simulation  purposes  a n can  transiate  in  the  base  frame  x 

rcl-^rmtcrtlrion^  their  graphical  presentation  were  faci, hated  by 
Mathematica  [8] , a symbolic  mathematics  software  package. 
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m.  INVERSE  KINEMATICS 

The  velocity  of  the  end  effector  is  calculated  by  : 


dr 

dt 


'ik 
Jv dt 


(6) 


where  the  coefficient  matrix ,(dr  / dq)  — J , is  the  Jacobian  matrix. 

To  achieve  a desired  trajectory  for  the  end  effector,  when  n>3,  the  differential  equation 
for  the  generalized  joint  displacements  may  be  solved: 

2=JV  (7) 

where  J*  is  the  Moore-Penrose  pseudo  inverse  given  by: 

j*  = jt(jjtY  (8) 

Eq#  (7)  yields  the  minimum  norm  solution  for  ^ . This  solution  assumes  an  appropriate 

scaling  metric  as  discussed  by  Doty,  et  al  [9].  In  fact,  because  in  a redundant  manipulator, 
n>my  there  are  infinitely  many  solutions  to  Eq.  (6).  The  joint  rates  are  a function  of  those 

• • 

rates  which  cause  the  end  effector  to  move,  qR  and  "null  rates",  qw  which  do  not.  That 

is.  <7  = q +q  where  qR  is  the  minimum  norm  motion  given  by  Eq.  (7)  and  £v  is  given 
by: 

(.9) 

where  En  is  the  nxn  identity  matrix  and  ^ eR"  is  an  arbitrary  vector.  It  is  a simple 

matter  to  confirm  that  q and  q are  orthogonal  vectors  by  taking  their  inner  product. 
Alternatively,  multiplying  Eq.  (8)  by  J yields  the  null  vector. 

The  selection  of  fx  generates  one  of  an  infinite  number  of  joint  rate  combinations 

which  move  all  of  the  links  but  do  not  cause  motion  in  the  end  effector . There  have  been 
several  control  laws  suggested  which  make  use  of  the  null  motion  to  avoid  obstacles. 
Several  of  these  are  recapped  by  Nakamura  [3]  in  some  detail.  A major  shortcoming  of 
these  methods  is  the  requirement  to  prescribe  the  end  effector  path  and  velocity.  Not  only 
can  this  be  a difficult  task  in  itself  for  a complex  workspace,  but,  in  some  situations,  it 
proscribes  joint  motion  which  could  avoid  collisions. 
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IV.  LYAPUNOV  STABILITY  APPROACH  TO  END  EFFECTOR  TRAJECTORY 

In  contrast  to  the  pseudo-inverse  approach,  the  author  has  adopted  a Lyapunov 
stability  measure  similar  to  that  in  [5],  However,  whereas  the  end  effector  in  [5]  tracks  a 
prescribed  end  effector  path,  here  only  the  final  end  effector  position  is  required.  The 
error  vector  e is  defined: 


where  rT  e /?3  is  the  vector  locating  the  target  with  respect  to  the  robot  base  frame.  For 
a fixed  target 

(11) 


e = -r 


The  Lyapunov  scalar  function  v is  defined 


v = ^eTe  (12) 

Because  v is  a positive  scalar  (related  to  the  error's  magnitude  squared),  then,  if  the  time 
derivative  of  v is  negative,  e will  go  to  zero  as  time  approaches  infinity.  Taking  the  time 

derivative  gives: 


v = eT'e 
= ~ej{jq) 


(13) 


An  obvious  selection  for  qR  is  to  make  its  elements  proportional  to  the  elements  of  JT  e . 
One  such  solution  is  given  by 


vr  ny 

where  M is  a positive  definite  matrix  of  dimension  nxn.  The  computational  simplicity 
of  Eq.  (14)  contrasts  starkly  with  the  complexity  of  computing  the  motion  using  the 

pseudo-inverse  approach  in  Eq.  (7).  In  addition,  since  qR  is  a unit  vector  scaled  by  M 
and  no  matrices  must  be  inverted,  the  control  law  works  well  even  in  the  vicinity  of  jomt 
singularities. 

The  importance  of  an  appropriate  metric  must  be  emphasized.  Doty,  et  al  [9] 
show  that  results  may  be  obtained  wlfich  are  non-invariant  with  respect  to  choice  o 

reference  frame  or  dimensional  units  used  to  describe  the  problem.  In  Eq.  (14)  qR  has  the 

dimensions  of  radians/time  for  revolute  joints  and  length/time  for  prismatic  joints.  On  the 
right  hand  side  of  Eq.  (14),  J has  dimensions  of  length/radians  and  length/length  tor 
revolute  and  prismatic  joints,  respectively,  while  the  error  vector  has  the  units  of  length. 
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Clearly  the  units  of  JT e are  incompatible  with  qR.  Normalizing  JT e as  a unit  vector 

renders  it  dimensionless  and  the  matrix  M serves  to  give  the  appropriate  unit  metric.  In 
addition,  the  selection  of  the  magnitude  of  the  elements  of  M may  be  used  to  emphasize 
the  motion  of  some  joints  over  that  of  others.  This  aspect  will  be  discussed  later  as  a 
means  of  avoiding  excessive  joint  rates  or  deflections. 

Figure  2 shows  three  simulations  of  robot  motion  for  different  values  of  a diagonal 
matrix  M.  For  all  the  maneuvers,  the  manipulator  has  an  initial  end  effector  position 
r(0)=[3,  2,  0],  shown  in  Fig.  2(a),  and  moves  to  a final  end  effector  position  of  r(tj)=  [-3, 
2,  0],  indicated  by  the  dot  in  the  upper  left  portion  of  the  workspace.  In  Fig.  2(b)  the 
final  configuration  and  the  end  effector  path  are  shown  for  M equal  to  the  identity  matrix. 
That  is,  all  of  the  joint  rates  are  equally  weighted.  The  end  effector  trajectory  resembles  a 
damped  sinusoid. 

In  Fig.  2(c)  the  motion  of  the  last  two  revolute  joints  is  given  a weight  of  ten  times 
greater  than  the  other  nine  joints.  This  causes  the  manipulator  to  attempt  to  reach  the 
target  primarily  by  moving  these  two  joints,  which  at  one  point  causes  a near  singularity. 
This  is  evidenced  by  the  abrupt  direction  change  of  the  end  effector.  Because  of  a fairly 
large  step  size  in  the  Mathematica  program,  the  final  conditions  are  not  satisfied  exactly. 

In  Fig.  2(d)  the  motion  of  the  translating  base  and  the  first  revolute  joint  are 
emphasized  by  a factor  of  ten.  The  motion  to  the  target  is  accomplished  almost 
exclusively  by  the  motion  of  these  two  joints. 
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Figure  2. 

End  Effector  Trajectory  Determined  By  Lyapunov  Function 

(a)  Initial  Configuration 

(b)  Final  Configuration  with  Equal  Weights  on  Joint  Rates 

(c)  Final  Configuration  with  Last  Two  Joint  Rates  Emphasized 

(d)  Final  Configuration  with  First  Two  Joint  Rates  Emphasized 
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V.  OBSTACLE  AVOIDANCE 

As  noted  before,  most  other  proposed  methods  of  obstacle  avoidance  presume  a 
prescribed  end  effector  path  that  is  obstacle  free.  This  can  be  an  important  constraint 
because  it  may  require  detailed  knowledge  of  the  work  space  or  excessively  complicated 
path  planing.  By  allowing  the  effector  to  seek  its  own  path,  the  overall  manipulator 
configuration  becomes  much  more  robust  in  its  ability  to  avoid  obstacles. 

As  suggested  by  Khatib[10],  each  obstacle  is  assigned  a cost  function.  Figure  3 
shows  a representative  manipulator  arm  with  obstacle  avoidance  points  p , i - 1,...  rip, 

where  £.=|_x,  y,  zj,  identified  along  it.  A likely  location  for  such  points  would  be 

the  manipulator  joints  and  the  link  mid  points  but  they  may  be  dictated  by  sensor  location 
or  other  criteria.  In  this  paper,  obstacles  are  assumed  to  be  rectangular  parallelepipeds 
with  their  center  points  oj , and  with  dimensions  2aj,  2bj,  2cj  ,j=  1 ,...n0. 


Figure  3. 

Typical  Designated  Obstacle  Avoidance  Points 

The  cost  function  for  the  _///,  obstacle  with  respect  to  the  ///,  obstacle  avoidance 
point  is  given  by  the  super-ellipsoid 


C>,)  = 


*■-*/ 

V ) 


y-yj 

v */  y 


Z.  ~Z; 

V °i  J 


(15) 


Contact  with  the  surface  of  the  obstacle  by  the  ify  point  is  approximated  by  CJ(pi)  = 1. 
A potential  function  is  defined  by: 


os) 

which  guarantees  that  the  cost  becomes  infinite  before  actual  contract  is  made  with  the 
obstacle.  The  gradient  of  the  potential  function  is 


(17) 
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The  time  rate  of  change  of  P can  thus  be  expressed 

dP  t ’ 
— = M ? 
dt 


(18) 


As  one  might  expect,  joint  rates  generated  by  Eq.  (14)  may  also  adversely  change 

may  be  found  which  accomplish  this.  Assuming  that  at  least  one  unobstructed  trajectory 
exists,  one  possible  solution  is  to  find  the  component  of  j,  from  Eq.  (14)  which  is 
orthogonal  to  m • This  results  in  > = 0.  The  Gram-Schimdt  procedure  described  by 
Luenberger  [11],  subtracts  from  qk  its  projection  in  the  p direction.  This  results 
commanded  joint  rates. 

(19) 

q = qR  


1r  ] a 


where  A is  a unit  vector  parallel  to  ft.  A three  dimensional  analogy  is  shown  in  gu 
Moving” toward  a destination,  a traveler's  path  intersects  a portion  of  a Ml.  The  tmve 
location  is  analogous  to  the  robot's  current  joint  £-*££  a 

Going  uphill  in  the  direction  of  the  gra  ^ traveler  may  simultaneously 

?KS2  Agoing  uphill.  E-tually  a point  is  reached  where 
the  target  is  downhill. 

In  the  three  dimensional  analogous  state,  it  is  easy  to  s<*  that  if 

exactly  opposite  of  the  summit  from  the  Pr“en^“‘“°"'  robot  in  the  event 

becomes  impossible  (the  cost  becomes  ,"ie*  , t0  the  target  without  colliding 

that  no  motion  whatever  will  move  the  end  effector  clo^r  to  me  g as  „ 

with  an  obstacle.  In  the  n dimensional  joint  sPace  explicitly  require  redundancy, 

becomes  large.  That  is,  although  this  algorithm  does  not  explicitly  requ 

redundancy  increases  its  robustness. 
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The  control  embodied  in  Eqs.  (14)  and  (19)  is  demonstrated  in  the  simulation 
shown  in  Figure  5.  Because  the  interest  in  serpentine  manipulators  is  largely  due  to  the 
potential  for  reaching  targets  in  constricted  areas,  in  this  example,  the  target  is  located 
"down  the  hall  and  around  the  comer"  with  the  walls  modeled  by  three  obstacles.  A 
collision  free  trajectory  is  generated  by  the  method  described  above.  Once  again  the  end 
effector  trajectory  is  non-intuitive. 


l.M, 


(3.41.  2.49.  -0.124} 


Figure  5 

Obstacle  Avoidance  Trajectory 
(a)  Initial  Configuration 
(b),(c)  Intermediate  Configurations 
(d)  Final  Configuration 
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VL  LIMITATIONS  ON  JOINT  RATES  AND  DEFLECTIONS 

In  addition  to  avoiding  obstacle,  manipulator  arms  are  frequently  limited  in  the 
magnitude  of  the  joint  deflections  which  can  be  achieved.  In  add, non  the  jornt  rates  are 
Sly  limited  by  the  manipulator  architecture.  While  not  exphctly  examined  m the 
author's  research,  some  possible  solutions  are  suggested. 

It  has  been  demonstrated  that  the  joint  rates  can  be  influenced  by  the  weighflng  of 
the  elements  of  the  matrix  M.  The  most  straightforward  approach  is  to  weight  each  joint 
rate  independently  by  making  M diagonal.  The  weight  on  each  joint  rate  may 
function  of  its  current  deflection  and  commanded  joint  rate. 

It  is  useful  to  think  of  the  diagonal  elements  ofM  as  the  stiffness  coefficients  of  n 
non-linear  spring.  The  deflection  of  the  ,,h  joint  is  bounded  by  9c 
Defining: 


A, 

r, 


? i max  n 

= ?i  max  + <?,r 


2g,-r, 

A, 


Vi  = 


The  diagonal  elements  ofM  are  defined: 

l-Vjil 


(20) 


(21) 


where  kt  < / 2 . 

This  function  guarantees  that  the  maximum  allowable  joint  rate  is  never  exceeded 
the  examples  in  this  paper  and  requires  further  verification. 
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vn.  CONCLUSIONS  AND  RECOMMENDATIONS 

A method  for  moving  a serpentine  manipulator’s  end  effector  to  a target  in  a 
constricted  area  while  avoiding  collision's  of  the  manipulator's  arm  with  the  surrounding 
workspace  has  been  demonstrated.  This  method  has  the  virtues  of  being  computationally 
straightforward.  It  is  robust  in  the  vicinity  of  singularities  and  multiple  obstacles.  While 
it  must  be  emphasized  that  this  paper  discusses  only  very  preliminary  results,  the  algorithm 
appears  to  have  great  potential  for  successful  implementation  for  achieving  numerous 
robot  tasks. 

Although  the  algorithm  appears  to  be  fairly  versatile,  the  ability  of  the  manipulator 
to  reach  a target  can  be  sensitive  to  its  initial  configuration  relative  to  the  target.  While 
path  planning  is  not  explicitly  required,  it  is  necessary  to  orient  the  robot  with  respect  to 
the  target  so  that  a likely  path  is  unambiguous.  In  addition,  it  has  been  observed  that  there 
are  a number  of  cases  in  which  the  robot  will  not  be  able  to  reach  the  target.  It  is  possible 
for  the  end  effector  to  arrive  a point  where  no  further  forward  motion  is  possible.  This  is 
the  case  where  a wide,  flat  obstacle  is  approached  and  only  moving  away  from  the  target 
will  eventually  result  in  a configuration  in  which  forward  motion.  Additional  heuristics 
need  to  be  developed  to  address  this  possibility. 

The  scaling  matrix  requires  further  research.  While  the  suggested  configuration 
works  adequately,  there  is  room  for  improvement.  Further  research  is  especially 
necessary  in  properly  scaling  the  control  vector  in  order  to  avoid  joint  rate  and  deflection 
limitations.  These  limitations,  although  addressed  in  this  paper,  should  be  further 
investigated  in  the  context  of  a realistic  robot  architecture. 

Finally,  although  Mathematica  is  a versatile  programming  tool,  it  is  far  too  slow 
for  practical  numerical  integration.  For  implementation  on  an  actual  robot,  programming 
in  C language  is  recommended.  Mathematica  may  be  linked  to  a C code  to  evaluate 
symbolically  complicated  expressions  such  as  the  Jacobian  matrix  or  the  obstacle  gradient 
vector. 
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VLQ.  APPENDIX:  MATHEMATICA  PROGRAM  FOR  ROBOT  SIMULATION 

Mathematica  was  used  to  produce  the  simulations  in  this  paper.  The  parameters  in  the 
following  program  are  those  for  the  simulation  depicted  in  Fig.  5.  Ivfathemciticci 
commands  are  shown  in  Courier  font.  Explanatory  comments  have  been  added  in 
Times  Roman  font. 


ClearAll [x, theta, al,  p,  rO, J, TO] ; 

Clear [n, d, obsnum] ; 

JacobianMatrix [ f uns_Lis t , vars_List] Outer [D, funs, vars] ; 
Norm[vars_List] :=Sqrt [vars .vars] ; 

UnitVector [vars_List] :=vars/Sqrt [vars .vars]  ; 

al  :=Ar ray  [ alpha,  n] ; (*Vector  of  frame  rotation  angles*) 

x —Append  [Array  [ theta,  n]  ,d]  ; (*Generalized  Vector  of  joint  displacements. 

The  translational  displacement  of  the  base  is  given  by  d.*) 

p:=Array  [1,  n]  ; (* Vector  of  link  lengths*) 


(*R[n]  defines  the  rotation  matrix  relating  the  nth  link  frame  to  the  (n-l)th  frame  using 
standard  Denavitt-Hartenberg  convention  *) 


R[n_]  : = { (Cos [x[ [n] ] ] , -Cos [al [ [n] ] ] 
Sin [x [ [n] ] ] } , 

{ Sin [x [ [n] ] ],Cos[al[  [n] ] ] 


Sin [x [ [n] ] ] ,Sin[al [ [n] ] ] 
Cos [x[ [n] ] ] ,-Sin[al[ [n] ] ] 


Cos [x [ [n]  ] ] } , 

{ 0,  Sin [al [ [n] ] ] ,Cos [al [ [n] ] ] } } ; 


(*T0[n]  gives  the  orientation  of  the  nth  link  with  respect  to  the  base  frame*) 

TO [n_] : =T0 [n] =T0 [n-1 ] -R[n] ; 

TO [0] =IdentityMatrix [3]  ; 

R [ 0] =Ident ityMatrix [ 3 ] ; 

r0[n_]  :=r0[n]=r0[n-l]+T0[n]  . [p  [ [n]  ] , 0,  0 } ; (*Endpoint  of  nth  link*) 

mp[n_]  : =mp  [n]  =r0  [n-1  ] +T0  [n]  . [p  [ [n]  ] /2, 0,  0}  ;(*Midpoint  ofwr/ilink*) 

r0[0]={d,0,0}; 

mp  [0]  = { d,  0,  0 } ; 

(*Manipulator  architecture  is  defined  by  n,  al,  and  p *) 

al={Pi/2, -Pi/2,  Pi/2, -Pi/2,  Pi/2, -Pi/2,  Pi/2, -Pi/2,  Pi/2, -Pi/2 } ; 

p=  { 0,  1,0,  1,  0,  1,0, 1,0,1}; 

joints=Table  [Point  [r0[i]],{i,0,n}];  (*Table  of  joint  coordinates;  for 
plotting  purposes*) 

arm=Line  [Table  [rO  [i]  , {i,  0,n}  ]]  ;(Line  from  joint  to  joint;  for  plotting 
purposes*) 

J=JacobianMatrix  [rO  [n]  , x]  ; 
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(♦Obstacles  are  depicted  as  rectangular  solids  with  six  coordinates:  first  three  values  are 

coodinates  of  mass  center.  Second  three  values  are  x,y,z  dimensions*) 

obsnum=3; 

ob[l]={2/2,-.5,2/3/5}; 
ob [2]={2.75,-.75,-.5,3.5, .5,5}; 
ob [3] ={4.25, 1.25, -.5, .5, 3.5, 5}; 

(*obstacleshape  is  a function  which  draws  a rectangular  solid  in  the  plot  to  represent 
each  obstacle*) 
obstacleshape ( k_] := 

Cuboid [ { (ob[k] [ [1] ]-ob[k] [ [4] ]/2) , 

(ob [k]  [ [2 ] ] -ob [k]  [ [5] ]/2) , ( ob [ k ] [[3]] -ob [k] [ [6] ]/2) } , 

{ ( ob [ k ] [ [1] ]+ob[k]  [ [4] ]/2) , 

(ob[k] ( [2] ]+ob(k] [ [5] ]/2) , ( ob [ k ] ( [3] ]+ob[k][ [6] ]/2) }] ; 

(*cost  is  the  potential  function*) 
cos t=  (Sum[Sum[ 

1/  (Suia[  ( (mp  [ i ] [ [ j ] ] -ob  [ k]  [ [ j ] ] ) / ( ob  [ k ] [ [ j + 3]  ] /2)  ) *8, 

{ j , 1, 3 } ] -1 . 1)  , { i,  0,  n}  ] + 

1/ (Sum ( ( (rO [n]  [ [ j ] ] - 

ob[k]  [ [ j ] ] ) / (ob  [k]  ((j  + 3]]/2))/'8,  {j,l,3}]-l.l), 

{ k,  1,  obsnum} ] ) ; 

(*  mu  is  the  obstacle  gradient  vector*) 
mu=Table [D [cost , x [ [ i ] ] ] , { i, 1 , n+1 } ] ; 

step=.  05;(*step  size*) 

imax=100 ; (*maximum  number  of  steps*) 

target= { 3 . 5,  2 . 5,  0 } ; 

d=0  ; 

theta [ 1 ] =0 ; 

theta[2]=N[Pi/2]  ; 

theta [3 ] =0; 

theta [4 ]=-N( Pi/2]  ; 

theta [5] =0; 

theta [ 6] =-N [Pi/2] ; 

theta [7 ] =0; 

theta [8 ] =0; 

theta [9] =0; 

theta [10] =0 ; 

pts= { Point (rO [n]  ] } ; 

base={ Point ( (d,  0,  -3 } ] }; 

Metric=DiagonalMatrix  [1,1, 1,1, 1,1, 1,1, 1,1,1]; 
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(.  Robotsim  is  a function  which  performs  the  actual  simulation.  It  is  largely  devoted  to 
drawing  the  graphic  images  of  the  robot  motion.  It  is  started  by  comprlmg  the  program 

and  then  typing  "Robotsim"*) 

Robotsim: = 

For f i=0, i<=imax,  i++, 

If [EvenQ [i] , path=Append [pts.  Point [rO [n] ]] ; 
track=Append[base, Point [ (d, 0,  3 }] ] ; 

Graphics3D [ { {AbsoluteThickness [21 , arm, 

Cuboid [ {d- .2, -.2, -3 } , {d+  .2,  •2,0}]  ) , 

(RGBColor (1, 0, 01 , Pointsizel .02  , joints  , 

IRGBColor  10,  0, 1 ] , AbsoluteThickness  1 , Table  path  < 

(RGBColor [1, 1,0] , AbsoluteThickness [1], Table [tracKj I, 

IRGBColor [0!  i,  0] , PointSizef .02]  , Point [target] ) , 

{Table [obstacleshape [1] , {1, l,obsnum} } } ' 

Boxed->F^sef°^iewPoint->[  0*  000, 0! 000, 3 . 384 1 { PlotRange->  [ l “ 
1, 5} , {-1,5}, {-3,5} } ] ; 

pts=path; 

base=track; 

Euler's  method*)  T Mot-riri  • 

vr=UnitVector [ (target-rO [n] ) .J. Metric] , 

nu=UnitVector [mu] ; 
v=UnitVector [vr-  vr.nu  nu]  ; 

new[ j ] = theta [ j ] +step  v[ [j] ] ; theta  [j  ] =new  [j  ] ] ; 
new [n+1 ] =d+step  v[ [n+1] ] ;d=new[n+l] ] ; 
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ABSTRACT 

This  investigation  explores  the  use  of  Electrochemical  Impedance  spectroscopy  (EIS) 
in  combination  with  teach  exposure  as  a short  term  methodlorana^mg  me 
performance  of  twenty-one  zinc-rich  primers.  The  twenty-one  zinc-rich  prners  were 
Carboline  CZ-1 1 Ameron  Devoe-Marine  Catha-Coat  304.  Briner  V-65,  Ameron D 2 , 

”^ms  zino  Clad  II,  Carboline  CZ-D7,  Ameron  D-4,  Dupont  Gamcin  347WB, 
Porter  TQ-4374H  Inorganic  Coatings  IC-531,  Subox  Galvanox  IV,  Southern  Coatings 

Chfm,Ic^GI,dten9G,idzinc  5530,  Byco  SP-tOI, 

onoH  rsiiriripn  Glidzinc  5536,  Koppers  701  .Ameron  D-21-5,  Coronado  yjo  10^, 
andstlK  also  collected  on  galvanized  steel  for  companson 

purposes  A library  of  Bode  magnitude  plots  was  generated  for  each  00atl"9  '"c'a  9 

rs  for  the  initial  time  and  after  each  week  of  atmospheric  exposure  a t the > Beach 
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SUMMARY 

This  investigation  explores  the  use  of  Electrochemical  Impedance  spectroscopy  (EIS) 
in  combination  with  beach  exposure  as  a short  term  method  for  analyzing  the 
performance  of  twenty-one  zinc-rich  primers.  The  twenty-one  zinc-rich  primers  were. 
Carboline  CZ-11,  Ameron  Devoe-Marine  Catha-Coat  304,  Briner  V-65,  Ameron  D-21-9, 
Sherwin  Williams  Zinc  Clad  II,  Carboline  CZ-D7,  Ameron  D-4,  Dupont  Ganicin  347WB, 
Porter  TQ-4374H,  Inorganic  Coatings  IC-531,  Subox  Galvanox  IV,  Southern  Coatings 
Chemtec  600,  Glidden  Glidzinc  5530,  Byco  SP-101,  Tnemec  90E-75,  Devoe  Catha- 
Coat  302H,  Glidden  Glidzinc  5536,  Koppers  701, Ameron  D-21-5,  Coronado  935-152, 
and  Subox  Galvanox  V.  Data  were  also  collected  on  galvanized  steel  for  comparison 
purposes. 

Electrochemical  Measurements  were  performed  on  4-inch  x 6-inch  x 1/8  inch  test 
panels.  The  panel  included  in  this  investigation  had  been  rated  previously  to  determine 
their  degree  of  corrosion  performance  on  a scale  of  1 to  10,  with  10  being  the  highest 
rating.  The  twenty-one  primers  chosen  represent  a wide  range  of  performance.  AC 
impedance  data  were  collected  after  one  hour  immersion  time  in  3.55%  NaCI.  Data 
were  gathered  in  the  frequency  range  from  100  kHz  to  0.01  Hz. 

A library  of  Bode  magnitude  plots  was  generated  for  each  coating  including  curves  for 
the  initial  time  and  after  each  week  of  atmospheric  exposure  for  up  to  three  weeks.  An 
examination  of  the  variation  of  the  Bode  magnitude  plots  with  atmospheric  exposure 
revealed  no  clearly  identif  iable  trend  at  this  point  that  could  distinguish  between  t e 
good  and  the  poor  coatings.  The  test  will  be  continued  by  including  EIS  measurements 
after  six  months  and  after  one  year  of  atmospheric  exposure. 
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I.  INTRODUCTION 

For  over  25  years,  the  process  of  coating  testing  at  the  Kennedy  Space  Center  (KSC) 
to  identify  materials  for  the  long  term  protection  of  carbon  steel  structures  has  taken 
place  at  the  Beach  Corrosion  Test  Site  near  the  launch  pad.  The  atmosphere  at  the 
launch  pad  is  highly  corrosive  due  to  the  proximity  of  the  ocean,  high  heat  from  rocket 
exhaust,  and  now  with  the  Space  Shuttle,  the  acidic  combustion  products  of  the  Solid 
Rocket  Boosters  (SRB's).  As  a result  of  previous  tests,  zinc-rich  primers  were  identified 
as  the  best  choice  to  provide  long  term  protection  of  launch  structures  and  ground 
support  equipment  at  KSC1’2'3. 

Exposure  at  the  beach  site  provides  very  valuable  data  but  it  takes  a long  time.  Testing 
requires  18  months  for  preliminary  approval  and  continued  good  performance  for  5 
years  for  final  approval.  This  investigation  explores  the  use  of  Electrochemical 
Impedance  spectroscopy  (EIS)  in  combination  with  beach  exposure  as  a short  term 
methods  for  analyzing  the  performance  of  zinc-rich  primers.  EIS  has  been  used  before 
on  bare  metals4.and  on  zinc-rich  primers5.  The  samples  tested  were  flat,  0.16  cm  (1/16 
inch)  thick  coupons,  1.59  cm  (5/8  inch)  in  diameter  and  did  not  include  atmospheric 
exposure. 
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II.  MATERIALS  AND  METHODS 

A model  378  Electrochemical  Impedance  system  manufactured  by  EG&G  Princeton 
Applied  Research  Corporation  was  used  for  all  electrochemical  measuremen  • 
Electrochemical  Measurements  were  performed  on  4-inch  x 6-inch  x 1/8  inch test 
panels.  Twenty-one  panels  were  coated  with  the  inorganic  zmc-nch  primers  ksted  in 
Table  1 . The  panel  rating  corresponds  to  the  degree  of  corrosion  judged  on  a s 
to  10  with  10  being  the  highest  rating6.  The  21  primers  chosen  represent  a wi  e raR9 
5 performance.  Also  listed  on  the  table  is  the  zinc  content,  and  the  th.ckness  when 

sivEiilsibl© 

The  Danels  were  mounted  on  an  EG&G  Princeton  .Applied  .Research  Model  K0235 
Flat  Cell  with  a working  electrode  area  of  1 cm^.  The  flat  cell  (see  ^,9UI'©  ) c0 
a flatcylinder  clamped  horizontally  between  two  end  plates.  One  ®ndpla^®h^s®^ 
workind  electrode  and  the  other  houses  the  platinum  counter  electrode.  The  reference 
silver/silver  chloride  electrode  is  housed  in  a Luggin  well  with  a Luggin  capillary 
protruding  from  the  bottom  of  the  well. 

AC  impedance  data  were  collected  after  one  hour  immersion  time  in  aerated  MW 

NaCI.  Data  were  gathered  in  the  frequency  range  from  100  kHz  to  0.01  Hz  “ 8 

A., In  Frrecute  option  of  the  M388  electrochemical  analysis  software. Thre®  ®*P®n™ 
were  "X  a Sequence  covering  the  specified  frequency f range  -b ^ me  data 

were  automatically  merged  and  saved.  The^“^ 
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TABLE  1.  MATERIALS  TESTED,  TYPE,  RUST  GRADE  EVALUATION,  ZINC 
CONTENT,  AND  THICKNESS 


9 


COATING 

CODE 

TYPE 

RATING 

% ZINC 

COATING 

THICKNESS 

(MILS) 

AMERON  D-21-9  | 

A 

SB 

10.00 

N/A 

6.0 

DEVOE  CATHACOAT  302H 

B 

SB 

6.32 

N/A 

4-0 

SHERWIN  WILLIAMS  ZINC 
CLAD  II 

C 

SB 

10.00 

N/A 

5.0  1 

AMERON  D-4 

D 

WB 

9.41 

N/A 

4.5 

AMERON  D-21-5 

E 

WB 

6.38 

N/A 

4.5 

BRINER  V-65 

F 

WB 

10.00 

N/A 

3.0 

CARBOLINE  CZ-D7 

G 

WB 

9.94 

N/A 

3.5 

DuPONT  GANICIN  347  WB 

H 

WB 

10.00 

86 

3.5 

INORGANIC  COATINGS  IC-531 

1 

WB 

9.79 

90 

3.5 

PORTER  TQ-4374H 

J 

WB 

9.10 

N/A 

3.0 

SOUTHERN  COATINGS 
CHEMTEC  600 

K 

WB 

9.10 

90 

3.0 

SUBOX  GALVANOX  IV 

L 

SB 

8.75 

N/A 

3.5 

BYCO  SP-101 

M 

SB 

8.13 

N/A 

3.5  | 

CARBOLINE  CZ- 11 

N 

SB 

10.00 

N/A 

5.0 

CORONADO  935-152 

O 

SB 

5.25 

84 

4.5 

DEVOE-MARINE  CATHA-COAT 
304 

P 

SB 

10.00 

N/A 

5.0 

GLIDDEN  GLID-ZINC  5530 

Q 

SB 

8.50 

86 

5.0 

GLIDDEN  GLID-ZINC  5536 

R 

SB 

2.00 

76 

4.0 

KOPPER  701 

S 

SB 

7.00 

N/A 

4.0 

SUBOX  GALVANOX  V 

T 

SB 

2.75 

N/A 

4.0 

TNEMEC  90E-75 

U 

SB 

7.00 

76 

3.5 

GALVANIZED  STEEL 

Z 

WB  = Water-based  (inorganic 
silicate) 

SB  = Solvent-based  (ethyl 
silicate) 

A summary  of  the  weather  conditions  during  the  first  three  weeks  of  exposure  appears 
in  Table  2. 


56 


10 


TABLE  2.  WEATHER  CONDITIONS  DURING  THE  FIRST  THREE  WEEKS  OF 
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TABLE  2.  WEATHER  CONDITIONS  DURING  THE  FIRST  THREE  WEEKS  OF 
EXPOSURE  (CONTINUED) 
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III.  RESULTS  AND  DISCUSSION 

Corrosion  potential  values  in  volts  are  shown  on  Table  3.  Graphical  presentation  of  the 
var  L3oUhe corrosion  potential  over  the  first  three  weeks  of  exposure  is  presented 
in  Fiaures  2-4  No  identifiable  trend  was  observed  that  would  differentiate  at  this  point 
betvreen  the  good  coatings  (those  having  a corrosion  rating  near  10)  and  the  poor  ones 
(those  having  a rating  closer  to  1 ). 

Data  Generated  from  impedance  measurements  are  summarized  in  Figures  5-25 for 
ealh  of  the  coatings.  ThVsets  of  data  for  each  coating  are  given  as  Bode  magni  ude 
nlots  where  the  loqarithm  of  the  absolute  value  of  the  impedance  (log  IZI)  was  plotted 
MTkSKf Z treguency.  Figure  26  is  a 

steel  which  was  included  in  the  sudy  for  comparison  purposes.  Each  figure  includes 
fnmal  da  a and  the  Bode  magnitude  plots  obtained  after  each  week  of  atmospheric 

Srssrrssi-- 

of  exposure. 

Time  limitations  did  not  permit  to  analyze  the  data  in  the  Nyquist  format.  Future  work 
will  focus  on  exploring  the  best  parameters  to  identify 
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TABLE  3.  CORROSION  POTENTIAL 


ICOATING 


AMERON  D-21-9 

DEVOE  CATHACOAT  302H 

SHERWIN  WILLIAMS  ZINC  CLAD  II 

AMERON  D-4 

AMERON  D-21-5 - — - — 


BRINER  V-65 

CARBOL1NE  CZ-D7 

PuPONT  GANICIN  347  WB 

INORGANIC  COATINGS  IC-531 

PORTER  TQ-4374H . 

SOUTHERN  COATINGS  CHEMTEC  600 

SUBOX  GALVANOX  IV  

BYCO  SP-101 1 

OARBOL1NE  CZ-1 1 

nORQNADO  935-152 

hPVOE-MARINF  CATHA-COAT  304 

OLIDDEN  GUP-ZINC  5530 

GUDDEN  GLID-ZINC  5536 

KOPPER  701  

SUBOX  GALVANOX  V 

TNEMEC  90E-75 


lOAl  VANIZED  STEEL 


CORROSION  POTENTIAL  IN  VOLTS  _____ 

CODE  I INITIAL  I ONE-  I TWU-  THREE- 

WEEK  WEEK  WEEK, 


-1.029 
-0.004 
-1.015 
-0.990 
-0.249 
-1.009  > 


-0.777 


-0.895 


-0.846 


-0.992 


-0.524 


-0.988 


-1.013 


-1.051 


-1.035 


-0.987 


-1.016 


-0.768 


-0.975 


-1.002 


-0.983 


-1.024 


-1.025 

-0.894 

-1.024 

-0.899 

-0.552 

-1.030 


-0.117 


-0.758 


-0.725 


-0.982 


-0.571 


-0.999 


-1.025 


-1.021 


-1.022 


-0.995 


-1.011 


-1.015 


-0.999 


-1.020 


-0.686 


-0.966 


-0,980 

-0,143 

-0.461 

-0.767 

-0.575 

-0.995 


-0.829 


-0.968 


-0.881 


-0.944 


-0.560 


-0.979 


-0.964 


-1.008 


-0.956 


-0.939 


-0.957 


-0.490 


-0.937 


-0.244 


-0.861 


-0.959 


-0.947 
-0.328  ' 
-0.923 
-0.816 
-0.155 
-0.976 


-0.869 


-0.903 


-0.867 


-0.935 


-0.616 


-0.935 


-0.965 


-0.949 


-0.926 


-0.929 


-0.771 


-0.950 


-0.584 
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Figure  5.  Bode  Magnitude  Plot  for  Carboline  CZ-11 


Figure  6.  Bode  Magnitude  Plot  for  Ameron  Devoe-Marine  Catha-Coat  304 


65 


□+ 


1 og  Frequency  <Hz> 

Figure  7.  Bode  Magnitude  Plot  for  Briner  V-65 


log  Frequency  CHz> 

Figure  8.  Bode  Magnitude  Plot  for Ameron  D-21-9 
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Figure  10.  Bode  Magnitude  Plot  for  Carboline  CZ-D7 


izl  60\  *Zl  &OX 


Figure  13.  Bode  Magnitude  Plot  for  Porter  TQ-4374H 


Figure  14.  Bode  Magnitude  Plot  for  Inorganic  Coatings  IC-531 
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log  Frequency  <Hz) 

Figure  15.  Bode  Magnitude  Plot  for  Subox  Galvanox  IV 


N 

o* 

o 


log  Frequency  <Hz) 


Figure  16.  Bode  Magnitude  Plot  for  Southern  Coatings  Chemtec  600 
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Figure  19.  Bode  Magnitude  Plot  for  Tnemec  90E-75 
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Figure  20.  Bode  Magnitude  Plot  for  Devoe  Catha-Coat  302H 
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igure  21.  Bode  Magnitude 


Plot  for  Glidden  Glidzinc  5536 


-2  5 


logj  Frequency  <Hz) 

Figure  22.  Bode  Magnitude  Plot  for  Koppers  701 
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Figure  23.  Bode  Magnitude  Plot  forAmeron  D-21-5 
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Figure  25.  Bode  Magnitude  Plot  for  Subox  Gaivanox  V 
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Figure  26.  Bode  Magnitude  Plot  for  Galvanized  steel 
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A FRAMEWORK  FOR  SFC/DC  SYSTEM  DATA  ANALYSIS 


Martha  A.  Centeno1 
Athena  Colucci 

Department  of  Industrial  Engineering 
FAMU/FSU  College  of  Engineering 
Tallahassee,  Florida  32316 


ABSTRACT 

The  Shop  moor  Control  / Data  Collection  (SFC/DC)  system  is  one  of  four  major  modules  of  the 
Integrated  Work  Control  System  being  implemented  at  the  NASA  Kennedy  Space  Center.  e 
SFC/DC  system,  which  has  been  in  operation  approximately  one  and  a half  years,  M em  detaded 
information  regarding  the  duration  of  tasks  as  well  as  work  stoppages  duratton.  This  information 
“ be  effectively  analyzed,  so  as  be  able  to  manage  the  shuttle  processing  ac— nder 
the  continuous  improvement  philosophy.  We  have  studied  the  contents  am Hform  of fa i SFOTC 
database,  and  based  on  the  results  of  such  study,  we  have  designed  a Shop  floor  Modetag, 
Analysis,  and  Reporting  Tool  (SMART).  SMART  is  a collection  of  compatible  tools  (off-the- 
shelf  as  well  as  customized  C-based  tools)  that  work  cohesively  to  prepare  inputs  for  the  analyse 
models  and  process  the  various  models  The  feasibility  of  SMART  has  been  demonstrated 

through  an  initial  prototype. 


1.  INTRODUCTION 

This  report  is  a summary  of  two  extended  reports  that  were  written  for  the  NASA  TP- 
OAO  office  of  the  Kennedy  Space  Center.  A multitude  of  valuable,  yet  confidential,  information 

has  been  suppressed  from  this  report. 

This  effort  sought  to  design  a cohesive  framework  for  the  effective  analysis  of  the  data 
being  collected  through  the  Shop  Floor  Control  / Data  Collection  (SFC/DC)  systerm  ^e  design 
of  such  framework  required  a thorough  understanding  of  the  contents  and  form  of  the  data  in  the 
SFC/DC  database.  Once  this  was  established,  a conceptual  design  and  data  exchange  protocols 
for  a Shop  Floor  Modeling,  Analysis,  and  Reporting  Tool  (SMART)  were  devised.  The  SMART 
framework  incorporates  methods  and  tools  to  answer  questions  regarding  delay  duration  such  as: 


O Do  delays  follow  a pattern  within  a flow? 

O Are  delays  correlated  to  the  orbiter  systems? 

O Are  delays  correlated  to  the  shuttle  elements? 

O Are  delays  correlated  to  the  shuttle  processing  facility? 

O What  delays  cause  the  most  impact  to  the  whole  process? 

Two  protocols  to  provide  inputs  to  the  analysis  models  were  considered:  directly  from  the 

1 Hus  effort  hat  been  funded  through  a NASA/ASEE  fellowship  and  through  a grant  from  the  Council  on  Research  and  Creativity  of  the  Florida 
State  University. 
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database  and  from  intermediate  text  files.  At  the  moment  of  writing  this  report,  NASA  engineers 
had  limited  access  to  the  various  SFC  relational  tables;  therefore,  we  chose  the  second  protocol: 
intermediate  text  files.  The  procedures  required  to  work  with  these  models  include  instructions 
to  prepare  the  text  files  and  to  transform  them  into  the  fonnat  of  the  analysis  tool. 
STATGRAPHICS®  is  being  recommended  as  the  analysis  tool  based  on  its  ease  of  use  and  its 
macros  programming  capabilities. 

Section  2 of  this  report  describes  briefly  what  SFC  is  and  how  its  database  is  populated. 
Section  3 describes  the  conceptual  design  for  SMART.  Section  4 gives  a sample  a proposed 
procedures  to  analyze  SFC  data.  Section  5 summarizes  the  results  of  this  effort  and  their 
significance  to  NASA  and  ASEE. 


2.  SFC/DC  AND  ITS  DATABASE 


SFC  is  one  of  the  four  clusters  that  make  up  the  Integrated  Work  Control  System 
(IWCS),  which  will  integrate  the  shuttle  processing  databases  at  Kennedy  Space  Center  (KSC). 
The  IWCS  framework  will  enable  communication  among  the  four  clusters  and  add  new  data 

collection  protocols  (Figure  1 ).  .e 

The  Shop  Floor  Control  (SFC)  module  has  been  operational  for  one  and  a half  years; 

however,  at  this  stage,  automatic  links  to  the  other  3 modules  have  not  been  implemented  yet, 
except  for  a partial  link  to  IOS  (CASPR).  SFC  revolves  around  a DB/2  database  with  PFORMS 
acting  as  the  database  management  system  (DBMS).  Tables  in  the  SFC  database  ^populated 
either  from  the  IOS  database  or  directly  by  the  user.  The  mam  dynamic  entity  in  the  SFC  and 
database  is  a task,  thus,  the  physical  storage  location  and  update  privileges  are  driven  by  the 
status  of  the  WAD  Figure  2 shows  the  various  states  that  a WAD  may  experience  throughout  its 
life-cycle  as  well  as  the  software  systems  (SFC  or  IOS)  governing  the  WAD  at  each  one  of  these 


The  majority  of  updates  to  WADs  are  done  by  technicians.  Once  all  tasks  in  IOS  that  fall 
in  the  11-day  window  are  transferred  to  SFC,  they  are  available  to  the  technicians  to  work  on. 
(table  orderopn).  When  technicians  are  ready  to  work  on  a task,  or  when  they  want  to  change  a 
task’s  status  to  hold,  they  clock  in  and  provide  pertinent  information.  This  information  does  not 
go  direcdy  into  tsfOl_delay  or  tsf02_task_worked ; rather,  it  goes  to  other  SFC  tables,  such  as 
ACTVEMPL  from  which  the  infonnation  for  ts/01_delay  and  tsf02jask_worked  is  extracted 

once  a week,  as  shown  in  Figure  3.  , ,. 

Tables  in  the  SFC  database  are  populated  either  from  the  IOS  database  or  ^ecdy  ^y 
user  Figure  4 depicts  the  data  exchange  protocol  that  is  being  utilized  to  link  IOS  and  SPL 
databases.  This  protocol  is  executed  in  batch  mode,  and  it  enables  almost  real  time  updates  to 
both  databases.  It  falls  short  of  real  time  because  the  protocol  is  executed  either  once  a day  (from 
IOS  to  SFC)  or  twice  a day  (from  SFC  to  IOS).  IOS  is  not  a DB/2  database;  consequently,  when 
transferring  data  to  (and  from)  SFC,  it  is  necessary  to  extract  the  data  to  a format  neutral  to  both 
databases  (ASCII  or  binaiy)  and  then  load  the  data  into  the  database  unique  fonnat.  Tins 
conversion  is  done  automatically  by  a series  of  COBOL  and  REXX/SQL  procedures.  These 
procedures  have  been  designed  to  preserve  data  integrity:  they  avoid  duplicate  records,  preven 
unauthorized  updates,  create  tables  for  unexpected  errors  in  die  data,  and  so  forth. 
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Figure  3:  Populating  SFC  Database 


Figure  4:  Data  Exchange  Protocol  between  IOS  and  SFC 
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The  SFC  database  is  truly  a DB/2  database;  therefore,  it  is  accessible  through  DB/2  SQL 
commands  and  QMF  SQL,  i.e.  it  is  not  necessary  to  go  through  the  PFORMS  application  to 
extract  data  out  of  it.  Figure  5 shows  the  various  ways  in  which  NASA  engineers  may  gain  three 
access  to  the  SFC/DC  database,  with  QMF  being  the  most  suitable  via  to  aclueve  the  goals  of  this 

on-going  effort. 


Other 

Support 

tables 


\ F 


Figure  5:  Gaining  access  to  SFC/DC  database 

In  a final  report  given  to  the  TP-OAO  office,  we  have  given  more  detailed  information 
regarding  the  populating  of  the  SFC/DC  database,  as  well  as  extensive  documentation  on  t 
various  tables  ta  ft.  The  reader  is  directed  to  contact  TP-OAO  office  if  interested  m more  detatls 

than  those  provided  in  this  report. 


3.  THE  SMART  CONCEPT 

The  Shop  floor  Modeling,  Analysis  and  Reporting  Tool  (SMART)  is  a 
designed  around  a relational  database  (Figure  6).  Tire  database  centaurs  ^..suca^omunmn 
regarding  work  time  and  delay  duration.  Under  this  framework,  a link  to  the  SFC/DC  databas 
(via  text  files)  has  been  set.  The  framework  is  sensitive  to  the  user  of  it.  We  have  identified  three 

possible  users: 
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The  Statistical  user  interacts  with  SMART  to  execute  pre-defined  analysis 
procedures.  This  user  would  request  from  the  designer  user  modifications  to 
SMART,  so  that  new  analysis  models  can  become  part  of  it. 

The  Modeling  user  interacts  with  SMART  to  extract  raw  data  as  well  as  statistical 
summaries  from  its  database.  This  user  would  request  from  the  designer  user 
modifications  to  SMART,  so  that  new  modeling  ideas  can  be  readily  tested. 

The  Designer  user  interacts  with  SMART  through  its  SQL  query  language  and 
other  DBMS  tools.  This  user  would  service  the  statistical  user  and  modeling  user 
needs  regarding  the  modeling  and  analysis  activities  at  the  TP-OAO  office. 


S.M.A.R.T, 

Shop  floor  Modeling,  Analysis,  and  Report  Tool 


Expert 

Assistant 


KBS  Shell 


F Activity 
Sensitive 
.Knowledge 


Knowledge 

Based 

Analysis 


Embedded  SQL 


Statistical 

Package 


Text  File 


* Embedded  SQL 


Statistical  SFC  Database  (Relational) 


C-Based 

Data 

Cleaning 


Text  Text  File 

File  with  header 


Figure  6:  The  SMART  Concept 


From  Figure  6,  we  can  see  that  there  three  major  components  to  SMART,  plus  the  access 
for  .he  JeZneZser.  Each  one  of  these  components  adds  capabilities  to  SMART  as  follows: 

* enr  DBMS  Tools  Access:  It  enables  the  creation  of  tables  as  new  analysis 
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requirements  are  defined.  It  enhances  accessibility  of  data  from  the  analysis  point 
of  view.  It  enables  the  creation  of  "canned"  reports  using  the  report  tool  of  the 
DBMS.  It  also  enables  the  development  of  data  entry  fonns  as  well  as  of  specific 
applications  (as  needed)  using  the  forms  and  menu  builder  tools. 

* Expert  Assistant-  It  is  an  knowledge  based  expert  system  that  operates  in  three 
different  modes.  It  can  be  a tutor  regarding  the  various  statistical  analysis,  or  it 
can  be  an  assistant  to  the  NASA  engineer  in  choosing  appropriate  analysis 
methods,  or  it  can  provide  user-sensitive  and  procedure  sensitive  help  for  the  entire 
SMART  framework. 

* Knowledge  Based  Analysis:  This  component  computes  descriptive  statistics  an 
estimates  on  delay  duration,  conducts  various  correlation  analyses,  conduct 
various  hypotheses  testing  on  the  similarity  of  facilities,  computes  various  joint 
probability  functions  for  delay  duration,  and  it  enables  the  collection  of  historic 
behavior  for  possible  use  in  other  modeling  activities. 

* C -based  Data  Qkaning  ft  enables  a semi  automated  link  between  the  statistical 
database  and  current  SFC  database  by  preparing  extraction  procedures  and  then 
cleaning  the  resulting  files.  Once  the  files  are  cleaned,  it  utilizes  embedded  SQL  to 
insert  the  data  into  the  statistical  tables.  It  also  enables  the  creation  of  input  files 
based  on  the  format  of  the  analysis  and  modeling  tool  to  use. 


The  feasibility  of  SMART  has  been  shown  through  a small  prototype.  This  prototype 
includes  a menu  driven  interface,  through  which  a cleaning  procedure  can  be  executed.  The  data 
extraction  and  data  cleaning  prototype  is  partly  operational  for  analyses  on  total  delayed  time  for 
a given  flow,  weekly  delay  duration,  and  probability  functions  for  delay  duration.  In  the  next 
section,  we  give  one  of  such  analysis  procedures. 


4.  A SAMPLE  PROCEDURE 

The  procedures  developed  are  based  on  the  premises  that  data  in  the  SFC  database  is 
reliable,  and  that  necessary  software  routines  will  be  developed  to  achieve  the  objectives  of  t te 
data  extraction  specifications. 

Some  variables  definitions  in  this  section  utilized  standard  database  notation  which  calls 
for  the  prefixing  of  fields  with  the  table  name.  For  example,  in  the  definition  below,  actvempl  is 
the  name  of  the  table  that  contains  the  field  sdate  (start  date  of  work),  stime,  actcdate,  and 
actctime.  The  + sign  indicates  that  the  two  fields  will  be  concatenated.  Boldface  font  is  being 
used  as  a reminder  of  the  notation. 

YV  -,  = actvempl.sdate+actvempl.stime  - actvempl.actcdate+actvempl.actctime 

ijk 
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All  the  field  names  used  in  the  definitions  correspond  to  the  actual  names  in  the  physical 
SFC  table.  The  meaning  of  each  field  can  be  found  in  the  final  report  given  to  the  TP-OAO 
office. 


Most  procedures  described  herein  are  composed  of  4 major  steps: 

1.  Transfer  of  summary  infonnation  from  SFC  data  tables  to  statistical  tables  residing  in 
die  mainframe.  This  transfer  is  done  automatically  by  issuing  SQL  statements  with  the 
INSERT/SELECT  combination. 

2 Extraction  of  summary  infonnation  from  statistical  tables  to  text  files,  so  as  to 
generate  reports  and/or  uses  STATGRAPHICS  for  analysis.  This  is  done  by 
executing  SQL  statement  SELECT  and  utilizing  QMF  extraction  capabilities  in 
conjunction  with  OS/2  data  transfer  protocol. 

3 Cleaning  of  data  text  files.  When  extracted  the  files  have  some  header  information  that 
must  be  removed  before  STATGRAPHICS  can  use  the  file.  This  cleaning  is  done  by 
running  a C program. 

4.  Analysis  of  data  using  STATGRAPHICS,  which  includes  the  generation  of 
appropriate  graphs  and  summaries. 

Some  of  the  queries  given  in  diis  report  have  been  tested  using  the  QMF  version  of  SQL; 
others  have  not  been  tested;  however,  we  believe  that  no  major  changes  are  needed  to  these 
queries  to  make  them  work  as  desired. 

The  nature  to  of  the  QMF  version  of  SQL  has  forced  us  to  extract  fields  that  may  seem 
redundant  from  the  analysis  point  of  view,  but  these  fields  and  grouping! column  functions  are 
necessary  to  make  QMF  SQL  work. 


Total  delay  time  for  a flow 

OBJECTIVES : To  compute  (for  an  entire  flow)  1)  the  total  delayed  time,  2)  the  total 

delayed  time  per  task,  3)  the  total  delayed  time  per  delay  category 

DEFINITIONS:  A delay  refers  to  the  amount  of  time  (hours)  that  technicians  could  not 

work  on  a task  due  to  the  lack  of  the  appropriate  resources  (materials  and  personnel). 


= tsfOljdelay. delay  duration 


TDS,y  = £ D ijk 

k=l 


NS; 


NS i ND.. 


TDT,  = £TDS ij=  £ £ Dy* 

j=i  j=i  k=i 
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NT  NT  NS,-  ND(> 

TDF  = XTDT,  = E E E D ijk 

i=i  i=i  j=i  k=i 


NT  NS,-  ND ij 

TDCFp  E E E Vijk  for  each  D^  with  delay  code  = / 

i=i  j=i  k=i 


where: 


Di jk  ~ 

TDS  ij  = 

TDT,  = 
TDF  = 
TDCF,= 

ND  ij  = 

NS,  = 
NT  = 


Jfcth  delay  time  duration  (hours)  for  the  tth  task  at  the/th  shop  department,  regardless 
of  code  type. 

Total  delay  time  for  the  ith  task  at  the  jth  shop  department 

Total  delay  time  for  the  tth  task 

Total  delay  time  for  the  flow 

Total  delay  time  for  code  / in  the  entire  flow 

number  of  delays,  regardless  of  code  type,  that  the  ith  task  experienced  at  the  jth 
shop  department.  ND,y  = 1,2,3, ... 

number  of  shops  that  worked  on  the  ith  task.  NS,-  = 1,2,3, ... 
number  of  executed  tasks  in  the  flow.  NT  = 1,2,3, ... 


WHEN  T(9  EXECUTE  PROCEDURE:  The  TDF,  TDF,  and  TDT  should  each  be  computed 

at  the  end  of  a flow.  The  TDF  report  must  be  generated  and  trend  analyses  must  follow, 
so  as  to  identify  any  adjustments  necessary  in  forthcoming  flows. 


DATA  EXTRACTION  and,  ADDITION; 

1.  A text  file  ( tdf.dat ) which  contains  sts_num,  orbiter_no,  NT,  and  TDF  (query  4.2.7) 

2.  A text  file  ( tdt.dat ) which  contains  actual  entries  for  each  task  in  a flow  (query  4.2.8) 

3.  A text  file  ( tdcf.dat ) which  contains  total  delay  time  for  delay  code  for  the  given 
flow  .(query  4.2.9) 

4.  1 record  to  total_delay _flow  table  (query  4.2.1) 

5.  NT  records  to  total_delay_task Jlow  table  (query  4.2.3) 

6.  Up  to  84  records  to  total_delay_code_flow  table  (query  4.2.5) 

PROCEDURE: 

1 . Ask  user  for  sts_no,  orbiter_no 

2.  Create  an  ASCII  file  (before.sql)  with  the  following  SQL  commands.  The  lines 
numbered  4.1.i  are  not  part  of  before.sql,  they  are  comments  in  this  report  to 
explain  what  each  SQL  command  is  supposed  to  achieve. 

4.2.1  Command  to  determine  the  total  delay  time  in  the  given  flow.  It  produces 
1 record  with  3 fields  (out  of  4 in  the  target  schema),  and  it  inserts  the 
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record  into  the  table  total Jelay Jlow 

INSERT  INTO  totaljdelayjlow  (stsjio,  tdf,  num  of  delays) 

SELECT  sts_no,orbiter_no,  sum(delay_duration),  count(*) 

FROM  historic jsfOl  delay 

WHERE  stsjio  = (id  for  a flow,  e.g.  sts-51) 

4.2.2  Command  to  update  the  record  created  by  query  4.2.1.  This  query  fills 
the  4th  field  in  the  target  schema. 


UPDATE  total  delay Jlow  . . 

SET  orbiter  no  - (orbiter  use  in  this  sts_no.  Given  by  the  user) 

WHERE  stsjio  = (id  for  a flow,  e.g.  sts-51) 


4 2 1 Command  to  find  out  the  total  delay  time  per  task  in  the  given  flow.  It 
42  produces  one  record  per  task  executed  in  the  given 

record  has  6 fields  ( out  of  seven  in  the  target  schema).  These  records  are 

inserted  into  the  total,  delay  Jask Jlow 


INSERT  INTO  total delay  jask Jlow  (stsjio,  taskjio,  wad,  wad  type, 

tdt,  num  delays Avgjefstd  del, max  del,min  del) 

SELECT  sts  no,  taskjio,  maxfwad),  max(wadjype), 

sum(delay Juration),  count(*),  avg(delayjiuration), 

std(delay  Juration),  max(delayjluration), 

min(  delay  Jur ation) 

FROM  historic  tsfOl  delay 

WHERE  stsjio  = (id  for  a flow,  e.g.  sts-5 1) 

GROUP  BY  stsjio,  taskjio 

4.2.4  Command  to  update  the  records  created  by  query  4.2.3.  This  query  fills 
the  7th  field  in  the  target  schema. 


UPDATE  total  delay  jask  Jlow 

SET  orbiter  no  = (orbiter  use  in  this  stsjio.  Given  by 
WHERE  stsjio  = (id  for  a flow , e.g.  sts-5 1 ) 


the  user) 


4.2.5  Command  to  find  the  total  delay  lime  per  delay  code  in  the  g fl  ^ 
This  query  creates  up  to  84  records  since  there  are  84  dJJJc°def 
Each  record  has  4 fields  (out  of  5 in  the  target  schema).  The  records 
inserted  into  the  total  delay _code  Jlow  table 


INSERT  INTO  total jielay_code  Jlow  (stsjio,  delay  cat,  tdt, 

occurrence, avgjel,stdjel, max  Jel, min  Jel) 

SELECT  stsjio,  delay _cat,  sum(delay_durationt),  count(  ), 

avg(  delay  Juration),  std(delay  duration), 
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max( delay _duration),  min( delay _duration) 

FROM  tsfOl delay 

WHERE  stsjio  - (id  for  a flow,  e.g.  sts-5 1) 

GROUP  BY  sts_no,  delay  cat 

4.2.6  Command  to  update  the  records  created  by  query  4.2.5.  This  query  fills 
the  5th  field  in  the  target  schema. 

UPDATE  total  delay  code  Jlow 

SET  or  biter _no  = (orbiter  use  in  this  stsjio.  Given  by  the  user ) 
WHERE  stsjio  = (id  for  a flow,  e.g.  sts-5 1 ) 

3.  Execute  SQL  commands  in  before.sql  (only  if  the  process  is  automated) 

4.  Create  ASCII  files  (names  given  at  each  query)  with  the  outputs  of  the  following 
SQL  commands,  using  the  QMF  interface  in  conjunction  with  OS/2  data  transfer 
protocol.  Transfer  text  files  to  appropriate  sub  directory  (where  C program  for 
cleaning  data  resides). 

4.2.7  Query  to  extract  delay  time  summaries  for  each  flow  (tdf.dat) 

SELECT  stsjio,  orbiter  jio,  tdf,  num_of_wads 
FROM  total _delay Jlow 

4.2.8  Query  to  extract  delay  time  summaries  for  each  task  in  the  given  flow 

(tdt.dat) 

SELECT  tdt,  wad,  wadjype,  num  delays 

FROM  total  delay  task 

WHERE  stsjio  = (id  for  a flow,  e.g.  sts-51) 

ORDER  BY  wad 

4.2.9  Query  to  extract  delay  time  summaries  for  each  delay  code  in  the  given 
flow  ( tdcf.dat ) 

SELECT  delay _cat,  tdcf  occurrence 
FROM  total jielay_code Jlow 

WHERE  stsjio  = (id  for  a flow,  e.g.  sts-51) 

ORDER  BY  tdcf  DESC 

5.  Open  text  files  tdf.dat,  tdt.dat,  read  only  mode. 

6.  Create  a new  report  file:  dtfsts##.out 

1.  Count  the  number  of  records  (NT)  in  tdt.dat  and  tdcf.dat  (NDC) 

8.  Allocate  arrays  of  size  NT  for  tdt,  orbiter,  wad,  wadjype,  num_delays,  of  size 
NDC  for  code  and  tdc 

9.  Set  min  Jwt  = 1000000  and  inax  twt  = -10000. 
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10.  loopl:  i=  1 to  NT 

10.1  Read  from  tdt.dat:  orbiter(i),  wad(i),  wadtype(i),  tdt(i) 

10.2  Ifminjdt  >twt(i)Then 

min_tdt  = tdt(i) 
minwad  = wad(i) 

endif 

10.3  If  maxtdt  < tdt(i)  Then 

max_tdt  = tdt(i) 
maxwad  = wad(i) 

endif 
end  loopl 


11. 


loop2:  i=l  to  NDC 

11.1  Read  from  tdcf.dat:  code(i),  tdc(i) 
end  loop2 


12. 

13. 

14. 

15. 


Locate  in  tdf.dat  the  value  of  TDF  for  the  given  flow 

Print  report  as  laid  out  in  Figure  4-4  and  Figure  4-5. 

Wrire  a message  interpreting  the  meaning  of  the  values  in  the  report 

Run  STATGRAPHICS  and  import  text  file  {tdf.dat),  by  using  t e o owmg 

instructions: 


15.1  click  on  utils,  click  on  procedures  macias,  click  on  Qinmacro 

15.2  choose  SFCITDF1  and  press  F6  key. 


5.  SUMMARY 


1. 


The  results  reported  here  include  the  following. 


A better  understanding  of  the  aC^S“‘^.  d*abLe!^v^^^ 

pertaining  to  the  physical  storage  of  th  DBMS  used  for 

5K  ££  and  we  have  discussed  then, 

in  the  TP-0 AO  report. 

Specific  data  extraction  P™tocola  aTwell  as  from  the  new 
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3.  Specific  recommendations  on  direct  access  to  SFC  by  a NASA  engineer  are  being  made. 
These  recommendations  have  been  made  to  facilitate  the  communication  of  NASA  s needs  to 
LSOC  software  engineers. 

4.  Design  of  SMART,  a framework  that  will  enable  NASA  engineers  to  manipulate  SFC  data, 
analyze  it,  and  do  other  modeling  activities,  without  being  concerned  with  the  knowledge  of 
SQL.  This  framework  utilizes  existing  software  to  cany  out  the  actual  statistical  analyses,  and 
it  includes  a customized  expert  system  to  interpret  the  results  before  they  are  reported  to 

NASA. 


5.  Specific  procedures  have  been  developed  to  conduct  a variety  of  statistical  analyses  on  the 
SFC  data.  These  procedures  give  as  much  detail  as  necessary  to  enable  the  engineer  to 
conduct  analysis  even  if  SMART  is  not  implemented.  Some  of  these  procedures  have  been 

partially  tested. 

6.  Specific  subsets  of  SMART  have  been  identified  as  candidates  for  an  applied  research 
proposal. 


7 A worthwhile,  unique  experience  for  both  Ms.  Colucci  and  Dr.  Centeno.  Among  other  things 
’ that  make  this  experience  worthwhile  are  the  facts  that  Ms.  Colucci  has  seen  first  hand  the 
application  of  some  of  the  IE  techniques  she  has  been  learning  at  school,  and  Dr.  Centeno  has 
accumulated  new  examples  that  can  be  used  in  courses  such  as  Operations  Research 
Simulation,  and  Statistics.  Similarly,  NASA  engineers  have  become  more  familiar  with 
databases,  SFC,  and  statistical  analysis  in  general. 
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ABSTRACT 

The  MPMS  mechanism  possess  two  revolute  degrees-of-freedom  and  allows  the 
user  to  measure  the  mass,  center  of  gravity,  and  the  inertia  tensor  of  an  u own 
mass.  This  paper  develops  the  dynamics  of  the  Mass  Properties  Measurement 
System  (MPMS)  from  the  Lagrangian  approach  to  illustrate  the  dependency  ot 
the  motion  on  the  unknown  parameters. 
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1.  INTRODUCTION 


The  Mass  Properties  Measurement  System  (MPMS),  illustrated  in  Figure  1.1, 
consists  of  a serial  kinematic  mechanism  with  two  intersecting  revolute  axes,  zx 
and  z2,  that  intersect  with  fixed  angle  av  The  joint  angles  and  rates  denoted  by 

0j,  02  and  0lt  02,  respectively,  turn  about  the  respective  joint  axes. 


Figure  1.1  Mass  Properties  Measurement  System  (MPMS). 


The  function  of  the  MPMS  is  to  measure  the  mass,  center-of-gravity  and  second- 
order  mass  moments  of  an  unknown  mass  placed  on  the  turntable.  The  mass  and 
center-of-gravity  can  be  determined  from  static  measurements.  The  inertia  tensor 
must  be  determined  from  the  dynamics. 


The  structure  of  the  Mass  Properties  Measurement  System  (MPMS)  lends  itself  to 
a straightforward  dynamics  analysis  using  the  Lagrangian  approach,  lhe 
dynamics  analysis  assumes  ct^  as  a parameter. 


The  symbolic  software  package  Mathematica  was  used  to  produced  and  verify 
the  equations  presented  here.  In  the  analysis  to  follow,  the  standard  Denevit- 
Hartenberg  kinematic  parameters  of  the  MPMS  were  employed. 
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2.  MPMS  KINEMATICS 

Table  2.1  lists  the  Denevit-Hartenberg  kinematic  parameters  for  the  MPMS 


mechanism. 


Table  2. 1 : Kinematic  Parameters  for  the  MPMS  Mechanism 


Joint 

d 

0 

a 

a 

1 r 

0 

0i 

0 

tXj 

2 r 

0 

02 

0 

0° 

From  the  DH-parameters  of  the  MPMS  mechanism  listed  in  Table  2.1,  the  two 
link  transforms  compute  to 


Li  = 


°Ri  0 / 

I L2  = 

0 0 0 1 


R- 


0 ^ 


0 0 0 1 


(2-la) 


( 

Cl 

- X!  Si 

Gi  Si  \ 

^ c2 

-S2 

o A 

where  °Rj  = 

si 

*1 C1 

-Oi  Ci 

!r2  = 

s2 

c2 

0 

V 

0 

°1 

*1  ) 

V 0 

0 

i J 

(2- lb) 


and  q :=  cos^)  , Si  :=  sin^),  Xi  :=  005(04)  and  a*  :=  sin(C4).  The  forward 
kinematics  transform  of  the  MPMS  equals 

(2-2) 


°T2  — Li  Ls 


which  computes  to 


}Tn= 


°r2  0 , 

0 0 0 1 


(2-3) 


where 
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Cl  c2  -Ti  Si  s2  -c  i s2  ” ^ 1 S1  C2  °1  S1 
Si  C2  + Xi  Ci  S2  -Si  S2  + Cl  c2  "°1  C1 


al  s2 


al  c2 


(2-4) 


The  forward  analysis  presented  here  serves  as  reference.  The  r°t^'°"p 
indicates  how  to  change  frame  F2  vector  representations  into  frame  F0 
representations.  The  dynamics  analysis  presented  later  will  make  use  of  the 
forward  kinematics  T2  • 

3.  MPMS  END  FRAME  JACOBIAN 

The  Jacobian  of  the  MPMS  relates  the  joint-rates  q = [ 6,  92]T  to  the  frame- 

velocity  V = [vx  0)x  ]x  of  the  end-frame, 


V = Jq. 

The  Jacobian  of  the  MPMS  computes  [1]  [2]  to 


(3-1) 


2,0  t 

Jo?  - 


0 0 
0 0 
0 0 
<*1  s2  o 
Gj  c2  o 

Ti  1 


(3-2) 


The  leading  superscript  2 means  that  this  Jacobian  is  expressed  m frame  F 2 
while  the  0 indicates  the  motion  the  end-frame,  designated  by  the  second 
subscript  is  relative  to  the  base  frame  F0  of  the  MPMS.  The  first  subscript 
indicates  the  frame  origin  at  which  die  linear  velocity  is  measured. 

For  convenience,  we  write 


2,0 ! _ 

J?  ? — 


where2,0JV2  2 — 0 0 and  ’ 


OiS2  0 
Gic2  0 
Tl  1 


(3-3) 
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4.  MPMS  DYNAMICS 

The  Lagrangian  approach  to  dynamics  of  the  mechanism  requires  the  calculation 
of  the  kinetic  and  potential  energy  of  the  moving  masses. 

Potential  Energy  Terms 

Assume  the  center-of-mass  vectors  for  the  first  and  second  links  equal  rx  and 
r2*4  These  vectors  are  constants  in  their  own  frames, 

/r„  A frx  2^ 


r,  = 


rxl 

ry  i 
Vrzi  J 


and 


2r2  = 


ry2 

\jz2j 


The  gravitational  field  vector  in  Figure  1.1  equals 

ro  \ 

°1 


°g=  gc 


) 


and  the  potential  energy  of  a mass  m at  position  p equals 

P = -m  gx  p 

hence,  the  potential  energies  Pi  and  P2  of  the  first  and  second  link  equal 

x * 0„T  Ori  1-  * 

PL  = -irq  gT  rL  = g Kj  rl 


and 


X * 0_T  * 

P2  = -m2  g r2  = -m2  g K2  r2  . 


(4-1) 


(4-2) 


(4-3) 


(4-4a) 


(4-4b) 


The  torques  associated  with  changes  in  the  potential  energy  of  the  mechanism 

3P,  dP2  3pl  ap?  _"p2  These  toraues 

links  equal  -cpel  = ^ and  xpe2  de2  + 302  d02  ' 

compute  to 
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xpel  = ml  gc{rxl  C1  + ryl  T1  S1  + rzl  al  S1 J + m2  <*1  gc(rx2  (C1  c2  - X1  S1  s2> 

+ ry2  ("xl  c2  S1  " C1  s2>  + rz2  <*1  S1  ) (4'4a) 

xpe2=  m2  gCi  rx2('c2  X1  + X1  C1  c2  * S1  s2>  + ry2  (X1  s2  ‘ c2  S1  " X1  C1  s2> ) (4'4b) 

Equations  (4-4)  will  provide  the  means  for  measuring  the  mass  and  center-of- 
gravity  for  each  link. 

Measuring  MPMS  Link  Mass  and  Link  Center-of-Gravity 

By  measuring  the  balancing  torque  on  joint  one  and  setting  the  joint  angles  at 
different  angles  one  can  determine  the  required  information  about  the  first-order 
mass  moments  of  each  link.  This  information  will  allow  us  to  subtract  the  gravity 
torque  terms  due  to  the  mass  of  the  MPMS  when  we  desire  to  measure  the  mass 
properties  of  the  unknown  mass. 

Experiment  4.1  = 0,  02  = 0, 

Xxl  :=  ml  <*1  gcrxl  + m2  al  gcrx2  (4“5) 

Experiment  4.2  0j  = 0,  02  = jc/2, 

Xx2  :=  ml  al  gcrxi  - m2  <*l  gcry2  (4-6) 


From  these  two  measurements  one  computes 


m2ry2 


Xxl  ~ Xx2 
2°1  gc 


m2rxl  = 


Xxl  + Xx2 
2 <*i  gc 


Experiment  4.3  0j  = tt/2,  02  = 0, 

tx3  :=  III!  o,  gc(  ryl  x,  + rzI  o,)  + m2  a,  gc(-  ry2  x,  + rz2  Oj)  (4-8) 
Experiment  4.4  0A  = n/2,  02  = 7u/2, 

Xx4  :=  ml  al  gC(ryl  X1  + rzl  al)  + m2  gc(-  Xi  rx2  + rz2  al)  (4'9> 
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From  Experiments  3 and  4 one  can  find 


m2  rx2  = 


Xx3  ~ Xx4 
x 1 Sc 


+ m2ry2 


(4-10) 


Relation  (4-10)  does  not  apply  when  x1  = 0,  i.e.,  when  04  - n/2. 

From  (4-7)  and  (4-10)  we  can  develop  a linear  relation  in  the  other  unknowns. 


:=T"  1 


cpel 


Pel  ' sr  1 Oi  g, 


- nqr^  cj  - m2  rx2  (c{  c2  - Sj  s2) 


+ m2ry2(-'C1  c2s,  -c,  s2)  ] = m!  {ryl  T,+  r2l  o, ) + m2  <7j  (4-11) 

Since  the  unknowns  in  (4-11)  have  fixed  coefficients,  those  unknowns  cannot  be 
resolved  further. 


In  ciimmarv  (4-7)  (4-10)  and  (4-11)  provide  the  necessary  information  for 
^“ng’the  MPMS  gravity  term,  W actual  mass  values  and  center-of- 
gravity  terms  do  not  need  to  be  determined  completely. 


MPMS  Kinetic  Energy  Terms 

The  total  kinetic  energy  K of  the  MPMS  motion  equals  K = Kt  + K2,  where  K, , 
i = 1,2,  equals  the  kinetic  energy  of  link  defined  with  respect  to  the  origin 
define  in  Figure  1.1.  The  joint  torques  xkel  and  xke2  required  to  generate  t e 
motion,  assuming  a conservative  system,  equal,  according  to  Lagrange, 


_ d 

xkei~ 


dK 


99; 


3K  . . , 

"3v  1 = 1>2- 


(4-12) 


The  torque  terms  associated  with  each  kinetic  energy 

'dK: 


_ d 

xkeji_  dt| 


aei 


dK{ 

aOi , j " 1,2;  1 


= 1,2. 


(4-13) 


sum  to  produce  the  total  torque  for  that  joint, 

^kei  = xkeli  xke2i 


(4-14) 
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Since  the  origin  does  not  translate,  the  kinetic  energy  for  both  links  of  the  MPMS 
equals  the  rotational  kinetic  energy, 

Ki  = 5 <*>  Xi  ®i»  i=1’2’  (4_15) 

where  CO]  equals  the  angular  velocity  and  I]  equals  the  standard  inertia  matrix  for 
link  L{- . In  frame  Ft  the  matrix  lt  has  constant  terms. 

From  (3-1)  and  (3-3), 


1,0 


®1  = ei 


f0  \ 

<*1 


2-°co2  = 2*°J 


co,2 


V 

Ay 


The  kinetic  energy  of  the  first  link 

Kj  = | 1'0o>i  <•>  1,0a)i 

does  not  depend  on  either  of  the  joint  variables  nor  02,  hence. 


xkell:  dc 


dK, 


301 


dK 


- =0!  (0  Xif  lh 


de 


(0  \ 

<*i 


xkel2:“  d3 


dK, 


d0 


2 J 


dKj 

d9o 


= 0 


The  kinetic  energy  of  the  second  link  equals 


fr\  \ 


Ko  = 


2“2 


ei 

0 


v 


. . 2,0  t1'  2t  2,0 1 

<*>  *2  Jg>,2 


V 


(4-16) 


(4-17) 


(4-18) 


(4-19) 


(4-20) 


and  does  not  depend  upon  0,.  Hence,  the  torque  contribution  by  joint  one  to  the 
motion  of  the  second  link  equals 
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d 

-aK2i 

aK2  d 

raK2-| 

xke21:“  dt 

.001- 

a0j  dt 

.901. 

2,0  !T  2t  2,0 1 fjh 
J(02  *2 


<•> 


V 

ve2 


2'°j12x2-x.2  (oj  <•> 


fl\  (®lV  2,0 1X  2t  2,0 jr  fh 

loj  [e2  J®2  12  Jco-2  vo; 


<•> 


V 


(4-21) 


Similarly,  the  torque  contribution  by  joint  two  to  the  motion  of  link  two  equals 


Tke22:-  dfl 


dKr 


ae, 


3K; 

ae2 


0^2  2,0  ,T  2t  2,0  i 

“ ^ “ J(02  12  " 


Ah 

A) 

1 1 <•> 

• • 

VU 

02 

l) 

0 


(ij <#> 


A 7 


4-  2’°  IX  2I  2,0 1 

+ h Jo, 


Ah 

A) 

i 1 <*> 

• 

w 

02 

v L) 

A; 


<•> 


3 2.0  f ^ ^2,0 1 

, J"2  2t  2,0 1 + 2,0/  2j  i-ia2  ) 

( 3q2  h Jco,2 + Jco2  2 ae2 


V 


(4-22) 


From  (3-3)  compute 


2’X,2  = °1  02 


r c2  oi 
-s2  o 
Vo  oj 


and 


a2'°J 


^*2  - Gi 

aeo  1 


( c2  (A 
-s2  0 

(o  °J 


(4-23) 


and  deduce 


X0'C  A 2'°X  (?) = 2'°4 A 2'°'}^  (?) = ffl ' 


0\  f-°l(s2  ^xz2  + c2Iyz2)' 


lzz2 


(4-24) 

(4-25) 
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Relations  (4-24)  and  (4-25)  allows  us  to  simplify  (4-22),  and,  coupled  with  (4-19) 
yields  the  joint- two,  kinetic  energy  derived  torque  xkc2, 


xke2 


= xke22  + Tkel2  ~ ^2  2’°Jco,2  (l) 


<•> 


V 

°2, 


V 

\®2 


a2,0j  ^2,0  f 

. , 2 2f0  2,01T  2x  d Jcn,2  , 

<#>  ^ 900  *2  ^t0’2  + JCo2  A2  902  ' 


0 


V 


(4-26) 


The  joint-one,  kinetic  energy  derived  torque  Tkel  equals  the  sum  of  (4-18)  and 
(4-21), 


2,0  Tx  2f  2,1 


Tkel  = Tkel  1 + xke21  - ITl  + ’ I2 


, r 2,0  2r  2,0 1 i 2,0  2t  2,C 

+ ' J(o2  A2  Jo>,2  + Jco2  A2 


fl'] 

/«•  X 

n <*> 

• • 

W 

©2 

(V 

(o)  <’> 

• * 
W 

(4-27) 


where 


Ifl  (9  CJj 


fO  \ 

<*1 


cannot  be  resolved  further  by  any  joint  measurements 
Using  Mathematica  to  expand  (4-27)  and  (4-26)  yields 


(4-28) 
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Lkel 


• • ♦ * 

= §iIti+iZzxi^2+  Oi  T[)  + Oit  Iyyc2a1(e1c2-2e1e2s2) 

+ <3i  S2  (2  01  02  c2  + ®1  s2) 

+ lyz  (-02  C2  - 2 0!  c2  T!  + e22  s2  + 2 0!  02  Xi  S2) 

+ (-022  C2  - 2 01  02  c2  X1  - 02  s2  - 2 01  xl  s2> 


- ^ (2  0!  02  c202  + 0!  s202)  } 


(4-29) 


and 


\e2=  (®2  + ®1  Tl)  + °1  ( tty  ®12  c202  °\  + ttz  (®12  C2  X1  ' ®1  S2> 

+ Iyz  (-  01  c2  ' 012  xl  s2>  - 2 tt*  9l2  °1  s202  + 2 t-y  ®12  CT1  S292  1 (4'30) 

Equations  (4-29)  and  (4-30)  yield  the  essential  relations  for  determining  the 
unknown  inertia  matrix  I2  and  the  term  ITl  from  torque,  velocity  and 

acceleration  measurements. 

5.  DYNAMICS  OF  THE  UNKNOWN  MASS 

The  functional  objective  of  the  MPMS  is  to  measure  the  unknown  mass  properties 
of  an  object  placed  on  the  table  of  link  two  (Figure  1.1).  The  unknown  mass  is 
rigidly  attached  to  link  two  during  the  measurements.  Conceptually,  this  makes 
th!  unknown  object  a part  of  the  second  link,  hence,  the  combined  inertia  tensor 

t 

I2  equals 

(5-1) 


\ ~ *2  + lu 


where  2I  is  the  inertia  matrix  of  the  unknown  mass  described  about  the  common 
origin  of  frame  F0  and  Fj  . The  dynamics  analysis  in  Section  4 applies  to  this 

problem  with  I2  replaced  by  ij.  Thus,  the  torques  derived  from  the  kinetic 
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energy  of  the  unknown  mass  alone  have  the  form  of  Tkel  - 0^  ITl  in  (4-29)  and 
xke2  in  (4-30)  with  the  inertia  terms  replaced  by  those  of  the  unknown  mass, 


xkeul  :=  lzzu  X1  (e2  + ei  Xl)  + <*1  { Jyyu  c2  <?!  (©1  C2  - 2 02  S2) 


+ !xxu  <*1  s2  (2  ©1  ^2  c2  + s2> 


+ Iyzu  (-  e2  c2  - 2 ©j  c2  Tj  + e22  s2  + 2 Oj  02  Xi  s2) 

+ ^zu  ("^22  c2  “ 2 ©1  ©2  c2  X1  " ^2  s2  " 2 ©1  X1  S2) 

- !xyu  al  (2  c202  + S202)  ) (5_2) 


and 

Xke2  = Izzu  (®2  + Tl)  + CJl{Ixyu  ^l'2  C202  01  + Xxzu  (fy2  C2  X1  " ®1  S2> 

+ Iyzu  ("®1  c2  - ®12  X1  s2>  “ 2 !xxu  ®12  G1  S202  + 2 !yyu  ®\2  al  S202  ) (5‘3> 

Equations  (5-2)  and  (5-3)  yield  the  essential  relations  for  determining  the 
unknown  inertia  matrix  Iu  from  torque,  velocity  and  acceleration  measurements. 

6.  Measuring  the  Unknown  Mass 

Since  the  torque  equations  are  essentially  the  same  for  the  inertia  terms  of  link 
two  of  the  MPMS  and  the  unknown  mass,  only  the  experimental  technique  for  the 
latter  will  be  developed  here. 

The  first  question  to  resolve: 

Will  measurements  of  the  torque,  angular  position,  velocity  and  acceleration  of 
joint  one  provide  sufficient  data  to  compute  all  the  inertia  parameters  of  the 
unknown  mass? 
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The  answer  will  to  this  question  is  No.  To  verify  this  claim,  note  that,  potentially, 
all  six  independent  parameters  in  Iu  might  be  determined  from  (5-2)  given  that 

• • • 

Experiment  6.1:  02  = 0 , ©2  = 0, 

Xkeul  :=  ^zzu  Tl2  + Gl2{  ^ C22  + Ijcxu  S2  " ^ SlQ2  ^ 

-2a1T1{  Iyzuc2  +\Zus2  } ) 

which,  in  inner  product  form,  equals, 

Xkeul  = 0lk<->Iv  (6-D 

where  k is  the  coefficient  vector  and  Iv  a six-vector  of  the  independent 
parameters  in  Iu  : 


X,2  A 

(TzzuA 

a,2c22 
2 2 

lyyu 

^xyu 

^yzu 

vw 

k := 

al  s2 
-cyl2  s202 

and  Iv  := 

- 2 Gj  Xj  c2 
2 <j!  Xjs2  j 

(6-2) 


If  a vector  can  be  found  orthogonal  to  the  coefficient  vector  for  all  choices  of 
MPMS  configurations,  then,  six  independent  coefficient  vectors  k canno  e 
obtained  and,  therefore,  six  independent  equations  in  the  six  unknowns  in  lv 

cannot  be  obtained.  The  vector  x :=  [c^2  -x^  0 0 0]x  * 0 is  such  a 

vector-  k <•>  x = 0 for  all  possible  k.  This  implies  no  non-singular 
measurement  matrix  M can  be  formed  from  the  set  of  possible  k that  will  yield 
six  independent  equations.  Since  M x = 0 for  any  M whose  rows  are  constructed 
from  different  k's,  the  matrix  M possesses  a non-zero  vector  in  its  null  space  and 
therefore,  must  be  singular.  Note  that  this  observation  holds  for  any  choice  of 
angle  (Xj  between  the  two  joint  axes  of  the  mechanism. 

Observe  that  x cannot  be  solution  to  any  inertia  problem  because  it  forces  at  least 
one  of  the  diagonal  terms  of  Iu  negative,  an  impossible  situation  physically. 
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Substitute  x = Iv,  this  is  not  a physically  possible  Iv,  into  the  general  expression 

and  find  that  xkeul  = I„„  r,  e2  which  proves  that,  minimally,  one 


for  ^keul  Ainu  uiat  Azzu 

must  measure  07  on  the  second  joint. 


Experiment  6.2  0 j — 0 , 9j  — 0, 


lkeul 


•=  Izzu  T1  + °1  Iyz«  (-  C2  + Q 2 S2  ) + al  Xxzu  ^2  C2  " ^2  S2>  (6'3) 


hence. 


^keul  =k  <#>  lS 


where  k is  the  coefficient  vector  and  Is  a three-vector 

r ••  ^ 


k := 


9- 


Oj  (-02  C2  + ^22  S2  ) 
("022  c2  ' ^2  S2^  ) 


and  Is  := 


^yzu 
^xzu  ) 


(6-4) 


(6-5) 


By  measuring  the  torque  on  joint  one  and  the  angular  position,  velocity  and 
acceleration  on  joint  two,  one  can  measure  three  independent  equations  ( ) 


n t 


7t t 

2 


compute  1^  , 1^,  , W For  example,  if  02=  "4 02"  2 • ®2 
0 < t < 'll,  and  a,  = tan_1N  2],  the  measurement  values  of  (6-3)  for  t-0, 

t _ ^ t = ff~2  lead  to  the  measurement  matrix 


M = 


f kT(t=0)  ^ 
kT(t=l) 

lkt(t=V2)J 


( 0.9069  0 -1.28255  ^ 

0.9069  -2.33145  0.517655 
0.9069  -1.28255  4.02925 
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whose  determinant  equals  det[M]  = 


that  MIS  = 


can  be  solved  for 


-9.13734,  proving  that  M non-singular  and 

I . With  Ic  known,  the  remaining  inertia 

s s 


parameters  can  be  determined  from  the  measurements  in  Experiment  6.1. 


Conclusion:  If  one  measures  torques  and  angular  acceleration  on 

joint  one,  then  the  angular  position,  velocity  and  accelera‘f°"  °*nJ  jhe 
two  must  be  measured  (or  calculated)  in  order  to  obtain  all  the 

inertia  parameters  of  the  unknown  mass. 


7.  PROPOSED  DESIGN  FOR  MPMS 

Based  upon  the  analysis  in  this  paper,  we  note  that 

1.  All  the  mass  properties  of  the  MPMS  and  the  unknown  mass  ‘“'f  caI^ot 
be  determined  by  measurements  performed  only  on  joint  axis  one 

quantities. 

Discussions  with  Kedron  Wolcott  on  the  construction  of  the  current  prototype 
indicates 

2.  Construction  of  the  bearings  for  the  MPMS  for  a twist  « < 0^  < 90° 
present  significant  cost  and  design  penalties. 

A talk  with  Richard  Bennett  indicates  that 

3.  The  current  design  occupies  a large  volume  due  to  the  twist  ai  ~ 54 
between  the  two  axes. 

4.  The  current  design  is  not  easily  scalable  to  handle  larger  loads. 

Based  upon  the  four  considerations  above,  the  author  proposes  that  the  two  joint 
££  of The  MPMS  be  oriented  at  right  angles,  a,  = 90°,  as  shown  in  Figure  7.1. 

This  design  eliminates  the  problems  mentioned  in  items  2,3,  an  , ut  wi 
“Censor  on  the  second  joint.  The  following  analys.s  demonstrates 

the  latter  observation. 
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Figure  7 . 1 Proposed  MPMS . 


Evaluate  (5-2)  and  (5-3)  for  = 90°, 

tkeul  :=  iyyo  c2(  e,  c2  - 2 e , e2  s2)  + u,  s2  (2  e,  e2  c2  + 0j  s2) 

+ I (-e2  c2  + 022  s2)  - I7I„  (022  C2  + 02  s2)  - Ixy„  (2  0j  02  C262  + 01  s202)(7 


Xt.i  = I„„  02  + I7vu  ®12  c20,  el  s2  el  c2 


9l2S202  + 2l,y«012s2e2  (7_2) 

Observe  that  I„u  cannot  be  determined  from  (7-1).  However,  if  one  measures  rte2 
and  fixes  0^  =0,  0^  = 0,  then  (7-2)  yields 
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I = — — when  0j  = 0,  = 0.  (7-3) 

zzu  . . 11 

^ 2 

• • • 

To  measure  the  other  inertia  parameters  set  02  = 0,  02  = 0 in  (7-1)  and  (7-2)  to 
obtain 


lkeul 


• ( ^yyu  c2 


+ 1. 


xxu 


s22  - h 


yu 


S29t  ) ® 1 


(7-4) 


• • 

(Vc2e2_2I“"S2e2  + 2Iyy"s202)®12  _'tke2=  (I^S2+I)'“C2)  01 


(7-5) 


The  procedure  would  be  to  use  (7-4)  to  obtain  Iyyu,  Ix*u  JXyu  an<^  ^en  su^st^tute 
these  values  in  (7-5)  to  obtain  the  remaining  inertia  terms  1^  ,IyZU  • 


Experiments  7.1  and  7.2  entail  measuring  both  torques,  0X  and  0X  with  the  second 
joint  axis  fixed,  respectively,  at  02  = 0,  k/2  and  ic/4.  For  the  last  angle, 
measurement  of  the  torque  on  the  second  joint  is  not  required. 


Experiment  7.1 


1.  02  = 0 , 


2.  02  = n/2 


3.  02  = nj 4 


XXU 


xyu 


Tkel 
• ♦ 

0i 


0i 

I„...  CX  + ; I.*n  s22  - Tkel 
0i 


(7-6a) 


(7-6b) 


(7-6c) 
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Experiment  7.2 


i.  e,  = o , iyzu  = 


^xyu  ^ke2 

e, 


(7-6d) 


2.  02  = k/2  , \zu 


~Jxyu  912 


'ke2 


(7-6e) 


Equations  (7-3)  and  (7-6)  determines  the  inertia  tensor  of  the  unknown  mass  . 
Further,  the  same  measurements  performed  on  the  MPMS  when  it  is  unloaded 
will  allow  one  to  compute  the  inertia  tensor  for  the  turntable  and  link. 


8.  Conclusion 

Theoretical  analysis  proves  the  inertia  parameters  of  an  unknown  mass  can  be 
determined  from  the  joint  torques,  positions,  angular  velocities  and  angular 
accelerations  of  the  Mass  Properties  Measurement  System  (MPMS).  In  particular, 
the  existing  system  requires  measurement  of  the  torque  and  angular  acceleration 
on  joint  one  and  the  angular  position,  velocity  and  acceleration  on  joint  two.  A 
proposed  system,  where  the  twist  angle  between  the  MPMS  turning  axes  equals 
90°,  permits  computing  the  inertia  terms  in  a simple  manner  with  the  additional 
requirement  of  measuring  the  second  joint  torque  for  one  set  of  measurements. 
The  new  design  offers  some  significant  advantages.  It  packages  more  compactly, 
allows  simple  mechanical  scaling,  and  is  easier  and  less  costly  to  construct. 

The  next  report  will  discuss  actual  physical  measurements  with  the  existing 
system  to  determine  the  precision  with  which  the  MPMS  can  measure  the  mass 
properties  of  an  unknown  mass. 
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ABSTRACT 

This  report  presents  and  interprets  experimental  data  obtained  from  the  Mass 
Properties  Measurement  System  (MPMS).  Statics  measurements  yield  the  center- 
of-gravity  of  an  unknown  mass  and  dynamics  measurements  yield  its  inertia 
matrix.  Observations  of  the  MPMS  performance  has  lead  us  to  specific  design 
criteria  and  an  understanding  of  MPMS  limitations. 
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1.  INTRODUCTION 


The  Mass  Properties  Measurement  System  (MPMS),  illustrated  in  Figure  1.1, 
consists  of  a serial  kinematic  mechanism  with  two  intersecting  revolute  axes,  z0 
and  z„  that  intersect  with  fixed  angle  a,.  The  joint  angles  and  rates  denoted  by 

0,,  02  and  0j,  02,  respectively,  turn  about  the  respective  joint  axes.  The  angle  0, 
rolls  the  table  about  Zq  and  will  be  called  tilt. 


The  function  of  the  MPMS  is  to  measure  the  mass,  center-of-gravity  and  second- 
er mass  moments  of  an  unknown  mass  placed  on  die  tort*  The  mass ^d 

center-of-nravity  can  be  determined  from  statics  measurements.  The  inertia 
tensor  must  be  determined  from  the  dynamics.  Reference[l]  provides  a derivation 
of  the  MPMS  dynamics  equations. 


In  all  the  experimental  work  reported  here,  we  have  fixed  the  angle  02  at  some 
value  during  a measurement.  In  other  words,  02  = 0 and  02  = 0 for  all 
measurements  performed  in  this  study. 


Figure  1.1  The  Mass  Properties  Measurement  System 
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MPMS  Dynamics 

The  total  torque  Ttotall  about  the  z0-axis  equals 

Ttotali  = tkei  + tpei-  ^ ^ 

According  to  (4-4a)  in  [1],  with  = sin  (Xj,  cos  otj,  Cj  = cos  0j,  Sj  — sin  9j, 
[=1,2,  r j = 0,  r -=  r 2 and  m :=  m2  in  that  equation,  the  potential  energy 

related  torque  equals 

gc{fx  (C1  c2  "X1  S1  s2)  + ry(‘Xl  C2S1  'C1  s2)  + rz°l  Sl^  (1_2) 

x equals  the  torque  associated  with  the  motion  of  the  system  (refer  to  (4-29) 
in[l]), 

iteI=  e1ixl+iIIxi(’e2+  e1x1)  + a1(  iyy 


+ Ixx  s2  (2  ®2  c2  + s2) 

+ !yz  (-02  C2  - 2 0 ! c2  Ti  + e22  s2  + 2 0J  02  Ti  S2) 


+ (-®22  c2  - 2 01  ®2  c2  - 02  s2  - 2 01  xl  S2> 


-IjyOj  (2  01  02c202  + 01  S202)  }. 

The  term  ITl  describes  the  inertia  of  the  first  link  and  the  other  inertia  terms,  Ixx> 
t t t t I describe  the  inertia  of  the  second  link  plus  the  unknown 
mass.  Ultimately,  to  determine  the  inertia  tensor  of  the  unknown  mass  will 
require  knowledge  of  the  inertia  terms  of  the  MPMS  links. 

The  analytical  relation  (1-2)  provides  the  means  for  computing  the  center-of- 
gravity  moment  xg  = m g r while  (1-3)  allows  one  to  compute  the  inertia  matrix 

I2  formed  by  the  combined  mass  of  link  two  and  the  unknown  mass. 

MPMS  Prototype 

The  first  axis  of  the  MPMS  prototype  aligns  with  the  diagonal  of  a unit  cube 
(Figure  1.3),  hence,  the  angle  the  first  axis  makes  to  the  floor  equals 
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atan2(V2,l)=  35.26°.  The  complement  of  this  angle  equals  the  twist  04  = 
atan2(l,V2)  « 54.74°.  The  body  attached  frame  z-axis  initially  aligns  with  the 
axis  of  0j.  A rotation  of  the  body  by  02  = 120°  will  align  the  body  attached  frame 

x-axis  to  the  first  axis  of  the  MPMS.  Similarity,  02  — 240°  will  align  the  body 
attached  frame  y-axis  to  the  first  axis  of  the  MPMS.  This  particular  allignment 
permits  determination  of  the  diagonal  entries  of  the  inertia  matrix  by  simply 
measuring  the  torque  and  position  of  the  first  axis.  Computation  of  the  off 
diagonal  terms,  however,  requires  02  to  be  time  varying  and  measured. 


Figure  1.3  MPMS  prototype  with  04  = atan2(V2,  1)  « 54.74°. 


2.  COMPUTATION  OF  THE  CENTER-OF-GRAVITY 

% 

To  compute  the  center-of-gravity  vector  r = , the  total  mass  m and 

gravitational  constant  g must  be  known.  In  the  experiments  to  follow,  we  treat 
(4  m g rx,  <4  m g ry  and  <4  m g rz  as  the  unknown  terms  and  fix  both  axes. 

Measuring  the  reaction  torque  on  the  first  axis  for  different  configurations  we 
can  determine  the  actual  values  of  rx,  ry  and  rz  when  die  solutions  are  divided  by 

Ojmg.  Details  of  this  procedure  follow. 
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MPMS  Statics  Coefficient  Matrix 

The  coefficients  of  0[mgrx,  °imgry 

cx  :=  C1  c2  "Tl  S1  s2’  cy  := 


and  Ojmg^in  (1-2)  equal 
c2  si  - ci  s2  cz  :=  rzalsl’ 


respectively.  At  92  = H,  P + 120°  and  p + 240°,  where  p equals  an  arbitrary,  but 
fixed,  angle,  the  coefficients  form  the  coefficient  matrix 


Cf  = 


( 


V 


cp  C1 


Tl  S^  Sj_ 

x,  (V3  c„  -Sji)  sj/2 


-ci  (°p  + '/3_Sp)/2- 

C1  (-c(i  + 'i3stv)/2  + x,(V3c|r  + stl)s1/2 


-Cl  s^  - C|X  X,  si 


-ci  0/3  C(1  - s 


+ V 3 s^)  sj/2 


Gi  si 

0i  S! 


A 


(2-2) 


01  si  ) 


, )/2  + X!  (c„ 

cV(V3c;  + .t)/2  + xl(c^-V3.|1)'si/2 

A note  about  these  choices  for  02.  Physically,  the  angles  02  - 0,  120  7j1<J  (he 
were  chosen  to  align  axis  one  with  three  orthogonal  axis  Fh  selected  in  th 
unknown  mass.  These  choices  of  02  permit  calculating  the  diagonal  enmesof^e 
inertia  matrix,  expressed  in  Fj  coordinates,  from  orqu  P 

meas'urements  « the  first  axis  ^ *"*£*££  l°n 

find  an  MPMS  configuration  for  to  be  configured 

S S S Recall  that  a mah.  C t.th 

a condition  number  of  one  guarantees  the  optimum  numerical  stability  when 
inverting  Cf. 

By  measuring  the  torque  Tj  at  joint  one  for  each  of  the  three  angles  selected  for 
02,  we  obtain  the  linear  system  of  equations  in  die  center-of-gravity  u lown  , 


(2-3) 


fTlO 

(*x\ 

T21 

= 0j  m g Cf 

ry 

VS  1 J 

1 

Vz) 

Solving  (2-3)  produces 
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^0 

fT  lA 

ry 

1 

— Cf1 

T21 

\rz/ 

Oj  m 

g 

lT3iy 

Two  central  issues  arise:  1)  For  what  configurations  is  Cf  invertible  and  2)  how 
well  conditioned  is  Cf  for  those  situations  where  it  is  invertible? 

The  coefficient  matrix  Cf  is  invertible  as  long  as 

3/2 

det[Cf]  = Tj-  (6  + 2 c20ll  - c2(<Xl_  9,)  + 2 c29i-  c2((x.1+  8)))  <S\  s,  * 0.  (2-5a) 

Notice  that  the  determinant  does  not  depend  upon  the  initial  angle  p selected  for 
02  as  long  as  the  angles  differ  by  120°.  The  determinant  of  the  coefficient  matrix 

can  also  be  written  simply  as 

det[Cf]  = — (1  - ai  H ) Oj  sj  , (2-5b) 

by  using  the  not  so  obvious,  but  directly  verifiable  identity 

6 + 2 c2ctl  - c2(av  9^  + 2 c29f  c2(a!+  9X)  = 8 C1 " al2  sl2  ^2'6^ 

The  condition  Gi  Sj  * 0 means  that  the  angle  0j  and  the  twist  aj  between  the  two 
axes  cannot  be  zero  or  a multiple  of  k.  These  design  constraints  make  physical 
sense.  Positioning  the  turntable  at  three  different  angles  with  ©i  = 0 will  not 
change  the  z-component  of  the  center-of-mass,  and,  therefore,  cannot  provide 
information  about  rz.  The  same  observation  applies  to  the  case  where  the  twist 

04  equals  zero. 

The  term  (1  - Sj2  ) = 0 when  04=  9j=  + \ k.  The  MPMS  with  this  physical 
configuration  can  only  measure  rz. 

Design  Criterion 

The  MPMS  configuration  and  structure  must  satisfy  l and  o{  Sj  * 0. 

In  particular , the  MPMS  must  have  a non-zero  twist  al  between  the  two  axes. 
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In  the  course  of  experimentation,  sometimes  the  computed  solutions  based  on  the 
data  varied  wildly.  Analysis  of  the  causes  revealed  that  one  error  source  was  t e 
ill-conditioning  of  the  numerical  inversion  of  Cf. 

Condition  Number  of  the  MPMS  Statics  Coefficient  Matrix 

The  condition  number  cn  for  Cf  equals 


'"max 


'"min 


(2-7) 


where  Xm3J.  and  ^min  are  ,he  maximum  and  minimum  eigenvalues,  respectively, 

of  CT  Cf.  We  now  calculate  the  condition  number  cn  of  Cf  as  a function  of  the 
twistaf  between  the  shafts  and  6„  the  angle  of  the  first  shaft  This  will  allow  us 
to  determine  the  angle  settings  for  which 

Using  (2-2),  direct  computation  yields 


( Xt 


Cj  Cf  = 


0 


0 X* 


o A 
o 


y 0 0 A,  3 J 


where  Xh  X2,  X3  clearly  equal  eigenvalues  of  Cxf  Cf  and  compute  to 
Xi  = Tg  (6  + 2 c2ai  - c2(ar  Gf)  + 2 c2ej " c2(af+  Gf)’ 
X2  = T6  (6  + 2 c204  - c2(a1-  Gf)  + 2 C2G,  - c2(ax+  Of)* 


x3  = 3 Cf]2  s 2 , 


(2-8a) 


(2-8b) 

(2-8c) 


and  do  not  depend  upon  the  arbitrary  angle  (J.  added  to  0°,  120°  and  240  to  92- 


Define  y 


■V 


. Applying  (2-6)  produces  the  simple  expression 
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• \ 2 0! 


2 s,2 
1 S1 

T 


(2-9) 


si 


Whenever  X3  < Xh  the  condition  number  cn  of  Cf  equals  y On  the  other  hand, 
if  X{  < X3  , the  condition  number  cn  of  Cf  equals  l/y, 

if  y < 1,  then  cn  = 1 ft  else  cn  = y.  <2'10) 

Selecting  the  Twist  and  Tilt  to  Optimize  Condition  Number 

A plot  of  c„  versus  6,  appears  in  Figure  2.1  for  a,  = atan2(l,V2)  = 54  74°  the 
angle  employed  in  the  prototype  (Figure  1.3).  Details  of  the  W-shaped  portion 
of  the  curve  is  illustrated  in  Figure  2.2. 


a,!  = atan2(lW2) 
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cn  04  = atan2(^,  1 ) 


0!  (radians) 

Figure  2.2  Details  of  the  condition  number  04  = atan2(V2, 1). 

The  condition  number  cn  = 1,  its  optimum  value,  at  that  value  of  0!  for  which 
cn  - 1 = 0.  This  occurs  at  0jOpt  = 0.7853981633974484  180/it  = 45  . 

A plot  of  cn  versus  0!  appears  in  Figure  2.3  for  04  = nil.  Details  of  one  period 
of  the  curve  is  illustrated  in  Figure  2.4. 

1 


cn  al  “ 2 n 


0j  (radians) 

Figure  2.3  The  condition  number  cn  of  the  coefficient  matrix  Cf  vs  the  angle  0! 

1 

of  the  first  shaft  for  04  = 2 n- 
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1 

cn  ai  “ 2 n 


The  condition  number  cn  =1  at  that  value  of  0!  for  which  cn  - 1 - 0.  This  occurs 
at 

0lopt  = 0.6154797086703873  180/ti  = 35.2644  = aj  = atan2(V2,  1 ). 

MPMS  Configurations  with  Condition  Number  of  One 

A general  plot  of  the  condition  number  (Figure  2.5)  illustrates  the  nature  of  the 
condition  number  when  the  three  angles  selected  for  02  split  the  circle  into  three 
120°  arcs.  The  plot  has  been  truncated  at  cn  = 5 to  display  the  important 
characteristics  of  the  function. 
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Figure  2.5  Plot  of  the  condition  number,  clipped  at  cn  5,  as  a function  of  0i  and 
the  angle  04  between  the  first  and  second  axis. 

zzsszssi  as,®.':  sswis  x 
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Condition  Number 


Figure  2.6  Plot  of  one  quadrant  of  the  condition  number  clipped  at  cn=5. 

When  the  condition  number  is  one,  all  the  eigenvalues  of  Cf  must  equal  one. 
In  particular,  for  cn  = 1,  (2-9)  implies 

^3  = 3a12s12=3  sin^aj)  sin^Gj)  = 1.  (2-11) 

Furthermore,  if  X3  = 1,  (2-9)  and  (2-8)  easily  proves  that  = X2  = 1 and, 
hence,  cn  = 1.  Consequently,  (2-11)  provides  a design  equation  for  the  MPMS  . 

For  example,  the  minimum  tilt  9j  possible  for  cn  = 1 occurs  when  =1,  i.e., 

2 1 

= ±90°.  The  minimum  angle  0!  must,  therefore  satisfy  sA  = 3 , yielding  eL  = 
±35.26°. 
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The  crease  at  the  bottom  of  the  well  in  Figure  2.7 
which  the  condition  number  of  the  coefficient  matrix 


depicts  the  curve  (2-11)  on 
equals  one. 


Alpha 1 


Theta 1 


Humber 


Figure  2.6  Top  view  of  one  quadrant  of  the  condition  number  clipped  at 

cn=5. 

3.  STATICS  MEASUREMENTS 

Another  source  of  error  discovered  in  MPMS  center-of-gravi«y 
was  the  absolute  accuracy  of  the  torque  sensor  attached  to  z0.  The  torque  sensors 
, Jm  of  full-scale  rating  of  approximately  1900  in-lb.  Measured  torques 

^otdb1  “be  :Cff3  as  mu!  as  *£  — aT^t 

a,  = M^anrAih  of'e , V 25.24°,  the  error  in  the  values  for  the  center-of- 

^SedTst  ^ ? 

seek  twist,  hit  and  turntable  angles  that  would  y.eld  a condtt.on  number  of  one. 
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Statics  Measurement  Criterion 

The  three  turntable  angles  (02  ) should  trisect  the  circle  and  the  tilt  angle 
should  be  selected  to  satisfy  (2-11)  for  a given  (Xj  . 


Tilt  Axis  Torsion 

The  dynamics  measurements  later  will  require  oscillating  the  tilt  axis  at  some 
prescribed  frequency.  Any  significant  torsion  sprmg  action  of  the  tilt  axis  woul 
affect  the  dynamics  measurement.  Essentially,  we  wanted  to  determine  the 
natural  frequency  to  ascertain  whether  the  tilt  axis  torsion  would  have  to  be 
modeled  in  the  dynamics.  The  prototype  MPMS,  upon  which  all  experime 
were  performed,  possesses  the  twist  angle  04  = 54.73  . 


Figure  3.1  depicts  the  relationship  between  the  angular  deflection  50!  of  the  tilt 
axis  as  a function  of  the  torque  xl  exerted  about  that  axis.  The  experimenta 
compliance  c = 1/k  of  the  tilt  axis  equals  c = 0.0019°/m-lb.  Assuming  frictionless 
operation,  the  natural  frequency  of  the  MPMS  with  the  second  joint  fixed 
approximately  equals  16  Hz  for  a 50  lb  force,  4 in  from  the  first  axis, 
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32.2*12 


0.0019*50*4 


= 16  Hz. 


(3-1) 


In  order  to  ignore  the  tilt  axis  torsion  spring  effect  in  the  dynamics 
measurements,  we  should  oscillate  the  table  well  below  the  resonant  frequency  of 
the  second  link  and  payload.  A payload  9 times  larger  than  the  50  lb  forces 
however,  would  produce  a resonant  frequency  of  about  5.3  Hz.  Such  a low 
resonance  would  probably  require  modelling  the  shaft  torsion  for  the  dynamics 

measurements. 

Center-of-Gravity  Measurements 

The  minimum-norm,  least-squares  values  for  the  first  mass-moments  of  the 
turntable,  plus  an  unknown  mass  placed  on  the  turntable  yielded  a firs 
moment  vector  of  m g r - [ 160  -41  284]  (in-lb).  The  vector  m g r was 

calculated  from  the  average  values  of  3000  torque  samples  per  experiment,  taken 
from  30  experiments.  The  30  experiments  consisted  of  permutations  of  10 
measurements  taken  at  each  of  the  three  MPMS  configurations  {(  6j  , 02  )}  - l 

(35°,0)  , (-35°, 120°),  (-35°, 240°)  }. 

Since  the  torque  sensor  used  in  the  prototype  MPMS  generated  absolute  errors  of 
19  in-lbs,  small,  first-order  mass  moments  measurement  were  exceptionally  error 
prone.  Figure  3.2  illustrates  this  point  quite  clearly.  The  three  curves  indicate  t e 
error  of  each  experiment  about  the  solution  m g r = [ 160  -41  284]  (in-lb) 

The  "blue"  plot  (the  one  that  starts  in  the  upper  left-hand  corner  of  the  diagram) 
indicates  the  most  error  in  measurement.  Although  19  in-lb  almost  equal  50%  of 
the  measured  y-axis  first  mass-moment  of  -41  in-lb,  the  huge  number  of  samples 
over  which  averages  were  computed  produced  consistent  results  within  _ o. 
larger  values  of  the  x-axis  and  z-axis  first  mass-moments  produced  more  accurat 
readings;  within  ±1%  for  m g rx  (the  "red"  plot  has  a negative  relative  error  for 

the  first  experiment)  and  within  ±0.5%  for  m g rz  ("green"  plot).  These  results 
are  consistent  with  the  fact  that  the  absolute  error  of  19  in-lb  has  much  less  effect 
on  the  larger  torque  measurements. 
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Error  Plot  of  First  Mass  Moment  of  Table  and  Load 


Figure  3.2  Percent  error 
the  top  plot  is 


about  mean  of  first  order  mass  moment.  At  the  far  left 
"blue",  the  middle  plot  "green"  and  the  lower  plot  red  . 


4.  DYNAMICS  MEASUREMENTS 


Pz — 1 * # 

The  dynamics  equation  (1-3)  for  04=  54.73  — \ 3 ’ ^1  — V3 


0,  produces 

xkei  = t^Tl  + 

where 


(4-1) 


m 


:=5(2k 


xS22  + 


y C1  + K? 


2 f xy  S292 ' 


23/2IxZs2-23/2Iyzc2)}  01- (4-2) 


To  test  the  MPMS  prototype,  we  measured  the  angular  position  and  total 
torque  T,otall  = tKE1  + tPE1  at  joint  one  versus  time  in  order  to  calculate  the  total 

inertia  seen  by  the  first  joint. 
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{ITi  + Im } 


Ttotall  TPE1 
• # 

0i 


(4-3) 


j _ UV  a factor  from  10  to  60  , hence,  the  torque 
The  gravity  term  x , ex^ee  « ^ (wo  nearly  equal  numbers 

produced  large*  nu^rica.  error, 

significant  problem^  To  ^ J manually  oscillated  the  second  link  and  the 

the  gravity  torque  xPEl  • y = 0 and  measured  the  resultant 

unknown  mass  pomt  at  about  8.7  Hz  about  me  xPE1 

torque  and  angular  position. 

We  compute  the  angular  acceleration  8,  from  8,  by  the  central  difference 

fonnula  HI.  + 16  e,  (t,)  - 38  8,  (tn)  + 16  Stdi)  - 8i(t_2)  + oai4)  (4.4) 

0l(to)  = 12h^ 

where  h = ti-ti.1=4  ms  and  0(h4)  indicates  errors  on  the  order  of  h4. 

. , . 4 2 depict  typical  position  and  torque  signals,  respectively,  f°r 

Figures  4.1  and  4.2 ^depict  typ  F accuraCy  of  the  torque  sensor  used  in  the 

given  experiment.  The  12  in  when  measuring  the  small  inertia 

prototype  resulted  in  large  instantaneous  errors  when  measuring 
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Position  vs.  Time 


Figure  4.1  A plot  of  0j  vs  tune. 


Figure  4.2  A plot  of  xtotan  vs  ^me- 
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torques.  The  mean  of  the  absolute  value  of  the  torque  lxkell  and  position  derived 

angular  acceleration  f^l  were  computed  for  each  experiment  consisting  of 
5000  points.  The  ratio  of  these  values  were  then  taken  as  the  estimate  for  the 
measured  inertia  {ITi  + Im}> 


{ITi  + Im ) 


It, 


kel 


(4-5) 


Figure  4.3  indicates  the  inertia  measurement  percent  error  for  10  different 
experiments  with  respect  to  their  mean  value.  The  error  is  bounded  ±10%  abou 
a mean  of  4.34  in-lb-s2  These  large  error  bounds  can  plausibly  be  attributed  to 
the  torque  sensor  sensitivity.  The  measured  torque  values  in  Figure  4.2  were  less 
than  10%  full  scale,  hence,  the  torque  sensor,  which  is  rated  1%  accuracy  at 
scale,  produces  approximately  10%  error  in  the  measurements. 
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5.  OBSERVATIONS  OF  IVIPMS  PERFORMANCE 

With  sinele  torque  sensor  and  position  sensor,  one  can  measure  the  center-of- 
Mavit^and  Z moments  of  inertia  about  three  orthogonal  axes.  However,  one 
must  Minimally  move  and  measure  the  velocity  and  acceleraticm  of  the  second 
»«  r0rd”r  to  obtain  the  full  inertia  tensor.  These  facts  were  established  m [1). 

To  obtain  accurate  center-of-gravity  measurements  one  should  select  MPMS 
Ionf,gurat,o"rwhere  the  condition  number  cn  of  the  coefficient  matrix  equals 
one.  In  other  words,  the  choice  of  angles  selected  for  nieasurmg  the  cemer  o^ 
oravitv  matter  significantly.  A poor  choice  of  angles  can  multiply  the  measured 
frror  by  a foctm  l < cj<  ~ This  explained  why,  in  some  of  our  earlier 

experiments  the  errors  where  600%. 

HI 

itc  Twiner  these  details  into  consideration  center-of-gravity  measurements 
^rnadl  WgCtpeataSe  mLuremen^  (±0.4%)  for  a specific  configuration 

and  setup. 

Gravity  torque  dominates  dynamics  measurements  and  extreme  measures 
fakenTo  nunmnze  its  affects.  Dynamics : measurements  were  made  at  a balance 

TStS i‘;“S 

measure  the  much  smaller  inern®1  ,t^\t  “ MPMS  resonance  near 

Higher  frequency  oscillation  are  precluded  because  ot  tne  ivrriio 

lb  Hr  Dynamics  measurements  were  repeatable  (±3.0%)  for  a given 
configuration  and  setup  and  stayed  within  ±10.0%,  even  though  die  measurements 
were  near  the  lower  resolution  limit  of  the  torque  sensor. 

into  account  in  a later  prototype. 
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6.  RECOMMENDATIONS 

In  [1]  it  was  recommended  to  make  the  twist  04  = 90°.  Further  support  for  this 
design  change  arises  in  the  condition  number  cn  analysis  provided  earlier.  That 
analysis  proved  that  the  minimum  tilt  angle  of  35.26°  for  cn  = 1 can  only  be 
achieved  when  04  = 90°.  By  comparison  04  = 5.74°  in  the  current  prototype  and 
the  tilt  angle  must  be  45°  in  order  for  cn  = 1. 

At  this  point  the  limitations  of  the  current  prototype  appear  to  be  well  understood 
and  further  experimentation  is  contraindicated.  If  management  decides  to 
continue  with  the  MPMS  concept,  the  follow-on  prototype  will  require  some 
modificatins  to  correct  the  discovered  problems  with  the  first  model. 

The  prototype  MPMS  permitted  only  manual  actuation  of  joint  one.  A second 
generation  MPMS  should  : 

1 . Include  automatic  operation  of  both  axes, 

2.  Match  torque  sensor  with  expected  loads, 

3.  Utilize  low  friction  bearings, 

4.  Add  a position  sensor  on  the  second  axis, 

5.  Incorporate  a torque  sensor  on  the  second  joint, 

6.  Explore  concept  with  potential  customers 


7.  CONCLUSIONS 

Theoretical  results  verify  the  MPMS  concept  in  principle,  but  experimental 
results  indicate  several  engineering  limitations  in  the  current  implementation.  In 
particular,  the  torque  sensor  must  be  able  to  accurately  measure  a broad  range  or 
values.  The  gravity  terms  dominate  the  dynamics  and  this  fact  makes  it  difficult 
to  obtain  good  inertial  measurements. 

To  obtain  the  optimum  performance  from  the  MPMS  when  measuring  center-of- 
gravity: 

l place  the  unknown  mass's  center-of-gravity  away  from  the  turntable 
center. 
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2.  Measure  the  center-of-gravity  every  120°  turn  of  the  turntable. 

3.  Tilt  the  turntable  to  the  optimum  angle  to  produce  a condition  number  of 
one  for  the  coefficient  matrix. 


When  measuring  inertia  : 

4.  Place  the  unknown  mass  so  that  the  turntable  axis  passes  through  its 
center-of-gravity . 

5.  Oscillate  the  turntable  well  below  the  resonant  frequency  of  the  MPMS 
about  the  null  gravity  torque  configuration  . 


Items  1 and  4 clearly  compete  with  one  another.  PlaceI"en‘ ’ ^mpms" 
addressed  here  and  would  need  further  exploration  should  the  MPMS  project 

proceed. 
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Abstract 


Protection  of  the  environment  and  natural  resources  at  the  Kennedy  Space  Center  (KSC)  is  of  great 
concern.  An  expert/information  system  to  replace  the  paper-based  KSC  Environmental  Checklist  was 
developed.  The  computer-based  system  requests  information  only  as  required  and  supplies  assistance  as 
needed.  The  most  comprehensive  portion  of  the  system  provides  information  about  endangered  species 
habitat  at  KSC.  This  module  uses  geographic  information  system  (GIS)  data  and  tools,  expert  rules,  color 
graphics,  computer-based  video,  and  hypertext  to  provide  information. 
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Summary 


A decision  support  system  project  has  been  initiated  to  develop  software  to  assist  with  environmental 
andnaSresomS  mlgement  at  KSC.  A module  for  this  decision  support  system  w« jdcvdoped 
based  ^ the  paper-based  KSC  Environmental  Checklist.  This  checklist  must  be  completed  before  most 
activities  of  significance  can  be  conducted/completed  at  KSC.  The  paper-based  checklist  requires  1 
mation  and  expertise  that  those  completing  the  checklist  often  don  t have. 

A prototype  expert/information  system  based  on  this  checklist  was  developed.  This  sy^te™  ^ 
developed  uting  KnowledgePro  Windows  (an  expert  system  and  mulurnedia  developmem  t^O 
ARC/View  (a  geographic  information  system  (GIS)  data  display  and  analysis  tool).  The  resulhng  system 
«o2»TpC^ Microsoft  Windows  and  PC  ARC/View.  The  checklist  was  implement^  such  tiiat 

^•TdlffehabTtat  requirements  Much  of  the  textual  information  in  this  section  is  based  on  a biodiversity 

NASA  contractor  personnel.  Hypertext  links-  usedtopro.de  access  to 

this  information  This  system  also  makes  extensive  use  of  video  clips,  graphics,  and  GIS  data. 

The  orototvoe  system  is  in  a usable  form,  but  many  additional  features  and  capabilities  should  be 
addS  With  oMy  slight  modifications,  the  habitat  and  wildlife  module  could  be  used  as  an  educational 
and  training  tool  at  KSC  and  many  other  locations  including  schools. 
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I.  INTRODUCTION 

The  Kennedy  Space  Center  (KSC)  is  not  only  home  to  many  NASA  activities  but  it  is  also  home  to  22 
wildlife  species  listed  as  Endangered  or  Threatened  on  either  the  Federal  or  State  lists.  When  NASA  pur- 
chased land  for  the  development  of  KSC  in  the  early  1960’s,  not  all  of  the  land  was  needed  for  the  space 
program.  As  a result,  the  U.S.  Fish  and  Wildlife  Service  in  cooperation  with  NASA  established  the  Mer- 
ritt Island  National  Wildlife  Refuge  in  1963.  Thus,  the  effects  of  NASA  activities  on  the  environment 
and  natural  resources  are  of  great  concern. 

A variety  of  monitoring  and  research  activities  are  conducted  by  scientists  at  KSC  to  protect  the  KSC 
environment  and  natural  resources  and  to  better  understand  the  relationships  between  these  systems  and 
NASA  operations.  These  activities  include:  water  quantity  and  quality  monitoring  and  modeling  (Dwor- 
nik,  1984;  Heaney  et  al.,  1984;  Bennett,  1989;  Dierberg  and  Jones,  1989),  soil  resources  inventory 
development  (Schmalzer  and  Hinkle,  1990a  and  1991),  climate  monitoring  (Madsen  et  al.,  1989; 
Dreschel  et  al.,  1990;  Mailander,  1990),  wildlife  monitoring  (Breininger  and  Schmalzer,  1990;  Dreschel 
et  al.,  1991),  and  vegetation/habitat  monitoring  (Breininger,  1990;  Schmalzer  and  Hinkle,  1990b;  Provan- 
cha  and  Hall.  1991). 

To  assist  in  protection  of  the  environment  and  natural  resources  at  KSC,  an  environmental  checklist 
must  be  completed  prior  to  construction  and  many  activities  at  KSC.  The  KSC  Environmental  Checklist 
was  recently  developed  for  KSC  along  with  a document  to  provide  assistance  in  completion  of  the  check- 
list. Several  of  the  checklist  items  that  must  be  addressed  require  access  to  databases  and  information 
that  reside  in  various  formats  and  at  various  locations  at  KSC.  In  many  cases,  this  information  is  not  well 
documented  and  people  requiring  access  don’t  know  it  exists.  Other  questions  on  the  checklist  can  be 
difficult  to  answer.  Examples  of  such  checklists  can  be  found  in  KHB  8800.6. 

The  objective  of  this  project  was  to  develop  a prototype  expert/information  system  to  assist  with  the 
completion  of  the  KSC  environmental  checklists.  It  is  envisioned  that  this  system  would  become  part  of 
a larger  environmental/natural  resources  decision  support  system  that  is  being  developed  for  KSC. 
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II.  RELATED  LITERATURE 


Environmental  concerns  and  issues  have  and  will  continue  to  greatly  shape  the  political  agenda  at 
local  state  and  national  levels.  Environmental  considerations  have  become  important  components  o 
S.  plLng  “ result  of  the  National  Environmental  PoUcy  Ac.  (NEPA,  (Liroff.  1976)  (Bear.  198» 
and  public  pressures.  Environmental  considerations  are  often  accounted  for  through  environmental 

impact  assessments. 

Environmental  Impact  Assessment  (EIA)  requires  the  qualitative  and  quantitative  pr^ic^n. 
and  assessment  of  the  impacts  of  human  activities  on  the  environment.  A variety  of  methods  and  tools 
are  used  to  perform  BIAS.  HA  techniques  range  from  simple  cteddbts  aud  qu^tauve ^ oamoes 
to  complex  computer-based  approaches  that  use  simulation,  optimization,  GIS,  and  expert  system  teen 
mqrP£eTU  of  these' techniques  range  hum  narrative  and  ~ 

attempts  at  quantification  and  formalization,  from  monetizauon  to  graphical  methods.  The  Pr0^ur®s 
maXoWe  Lpens.  expert  teams,  panels,  workshops,  public  hearings,  and  com.  proceedings  (US  EPA 
1992).  The  legal,  procedural  and  institutional  components  of  EIAs  are  important  aspects  but  can  ary 
greatly  from  project  to  project. 

Some  of  the  EIA  techniques  that  have  been  successfully  used  include. 

• Graphic  overlay  methods  (McHarg,  1968;  Dooley  and  Newkirk,  1976) 


• USGS  Matrix  (Leopold  et  al.,  1971) 

• Network  Analysis  (Sorensen,  1971;  Sorensen,  1972) 


• Cross-impact  Simulation  (Kane,  1972) 

• EES  Environmental  Evaluation  System  (Dee  et  al.,  1973) 

> HEP  Habitat  Evaluation  Procedures  (US  Fish  and  Wildlife  Service,  1976) 

• Decision  Analysis  (Keeney  and  Raiffa,  1976) 

• WRAM  Water  Resources  Assessment  (Solomon  et  al.,  1977;  Richardson  et  al.,  1978) 

• EQA  Environmental  Quality  Assessment  (Duke  et  al.,  1977) 

• METLAND  Landscape  Planning  Model  (Fabos  et  al.,  1978) 


• Goals  Achievement  Matrix  (Hill,  1968) 


• WES  Wetland  Evaluation  System  (Galloway,  1978) 

• AEAM  Adaptive  Environmental  Assessment  (Holling,  1978) 

• EQEP  Environmental  Quality  Evaluation  Procedure  (Duke,  1979) 


• CBA  Cost-Benefit  Analysis  and  related  methods 

• Mathematical  modeling  (Bonazountas  et  al.,  1988;  Forgensen,  1991) 

. Interactive  Systems  Analysis  and  Deciston  Support  (Fedrae.  al„  1987;  Lein.  1989.  Fedra  1991;  Fedra 
et  al.,  1991) 

Additional  details  concerning  EIA  techniques  can  be  found  in  Clark  et  al.  (1984).  Belauds  and  Duinker 
(1983),  Tomlinson  and  Atkinson  (1987),  Bregman  and  Mackenthun  (1992),  Bisset  (1988),  and  numerou 
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others. 

Fedra  (1992)  describes  several  intelligent  environmental  information  systems  applications  the  I^ema- 
tiooal  Institute  for  Applied  Systems  Analysis  has  developed  XSPttX  is  a dyn^c  mod 

simulate  the  DroDaeation  of  an  accidental  spill  of  a chemical  in  a river.  XSPILL  integrates  oib,  a 
simulation  a^ypertext  information  system,  and  graphical  visualization  techniques.  Another  system  uses 
several  simulations,  finite  element  techniques,  GIS,  visualization  techniques, 

late  the  movement  of  groundwater  contaminants  under  various  scenarios.  Fedra  (1993)  describes  th 
^sy^tSt  are  fsed  in  dte  overall  system  in  more  demil.  The  system  is  used  for  the  mmrngemen 
XSotur  waste.  site  selection  and  risk  assessment  of  landitlls,  and  the  destgn  and  evaluanon  of 

groundwater  remediation  measures. 

Fedra  (1991)  describes  a series  of  computer-based  decision  support  systems  to  assist  with  environ- 
mental impact  assessment.  The  decision  support  modules  use  expert  systems  environment^  as^ssment 
checklists  in  rule-based  formats,  databases,  GIS,  simulations,  and  visualization  techniques.  Extensive 
modules  assess  air  quality,  surface  water  quality,  and  groundwater  quality. 

Fedra  et  al.  (1991)  developed  MEXSES,  a rule-based  expert  system  for 
ment  at  a screening  level,  starting  at  an  early  stage  of  project  planning  and  design.  MEXSES  uses 
Sol^siment  checklists  in  expert  system  form,  datab^es  < *£ 
ity  and  visualization  techniques.  The  system  was  implemented  on  a UNIX . workstation  using  * w 
dows.  MEXSES  was  successfully  applied  to  the  Lower  Mekong  Basin  of  Thai  an  . 

Neeahban  et  al.  (1993)  developed  a GIS-based  decision  support  system  to  assist  with  regional 
environmental  planning  in  the  Lake  Okeechobee,  Florida  The  Primary  * 

the  system  is  phosphorus  from  agricultural  areas  of  the  basin.  Kowalski  and  Blgfaqrt ” 
US  Army  computer-based  natural  resources  management  system.  Carlson  et  al.  (1993)  d*scnl* 
Conservation  Service  (SCS)  computer-based  systems  that  assist  with  erosion  control  and  water  quality 
protection  Garcia  et  al.  (1993)  developed  a decision  support  system  that  uses  GIS  and  habitat  mo  e s o 
Quantify  the  quality  of  wildlife  habitat.  Shih  and  Mills  (1993)  developed  a spatial  and  ecological  fore* 
nlemTytmfor  upland  antral  hardwood  species  of  the  US.  Gough  f 

develoDed  a lmowledge-based  system  to  provide  EIA  training.  Gurganus  et  al.  (1993)  developed  a 
comprehensive  educatfonal/information  transfer  hypermedia  program  on  environmental  assessment, 
program  makes  extensive  use  of  graphics  and  hypertext. 

Denno  and  Brail  (1993)  describe  a decision  support  system  that  uses  GIS.  models,  video  and  graphics 
to  planning.  Kindleberger  and  Meyers  (1993)  describe  several  apphcations  m 

...  multimedia  techniques  and  GIS  are  being  integrated  to  develop  decision  support  systems  and  tram 
r„g  counseling8 Sysrlm  they  developed  tap.  audio,  video,  amma- 

tion,  text,  and  GIS  data  to  assist  potential  first  time  home  buyers. 

Many  of  the  systems  and  techniques  described  above  are  applicable  to  this  project  and  the  larger  KSC 
environmental  decision  support  system  project. 
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III.  PROCEDURES 


3.1  Expert/Information  System  Development 

The  development  of  the  environmental  checklist  expert/information  system  followed  conventional 
expert  system  development  techniques  (Jones  and  Barrett.  1989;  Waterman.  1986).  The  focus  of  the 
expert/information  system  was  narrowed  to  the  paper-based  KSC  Environmental  Checklist.  The  project 
was  further  narrowed  to  focus  on  items  in  the  checklist  for  which  the  KSC  Ecological  Program  and  the 
Remote  Sensing  and  GIS  Lab  routinely  provide  information. 

A conceptual  design  of  the  system  was  developed  following  discussions  with  those  involved  in  the 
larger  environmental  decision  support  system  project.  It  was  decided  to  maintain  the  checklist  format  of 
the  original  KSC  Environmental  Checklist.  Expert/information  system  modules  would  be  accessed  from 
individual  items  in  the  checklist. 

Several  sources  of  information  were  collected  for  use  in  the  system  development.  Environmental 
checklists  and  environmental  documents  that  are  used  at  KSC  were  examined.  Publicauons  ^n  ing 
work  conducted  at  KSC  related  to  the  environment  and  natural  resources  were 
describing  EIA  techniques  and  tools  that  are  commonly  used  was  reviewed  as  indicated  in  the  Related 

Literature  section. 

The  sections  that  follow  describe  the  tools,  information  development  and  information  coUecuon  pro- 
cedures that  were  used.  The  system  was  developed  on  a 486  PC  running  Microsoft  Windows.  The  y 
tem  utilized  expert  system  techniques,  hypertext,  GIS,  computer-based  video,  and  grap  cs. 

3.2  GIS  Data  Development  and  Documentation 

Spatial  data  play  an  important  role  in  the  management  of  the  environment  and  natural  resources.  As 
described  earlier,  spatial  data  stored  in  GIS  are  often  used  in  environmental 

systems  for  environmental  management.  Answers  to  several  of  the  questions  on  the  KSC  Environmental 
Checklist  require  the  use  of  spatial  data. 

For  this  project,  ARC/View  (Environmental  Systems  Research  Institute,  1992)  was  selected I to  display 
and  manipulate  the  spatial  data.  ARC/View  is  a tool  for  displaying,  browsing,  andquerymg  S^ap 
or  spatial  data.  ARC/View  provides  several  significant  advantages  to  this  project.  Thes  g 

include: 

. Easy  to  use.  ARC/View  is  entirely  icon  driven.  Within  a few  hours,  someone  with  no  experience  with 
GIS  tools  can  master  the  capabilities  of  ARC/View. 

. Inexpensive.  The  cost  of  ARC/View  for  PCs  and  Macs  is  approximately  $400  and  for  UNIX  worksta- 
tions approximately  $900. 

. Runs  on  multiple  computers.  ARC/View  is  available  for  PCs  running  Microsoft  Windows,  for  Macs, 
and  for  UNIX  workstations. 

. Personnel  familiar  with  ARC/View.  Several  NASA  contractor  personnel  have  experience  with 
ARC/View. 

. Supports  multiple  data  formats.  ARC/View  is  able  to  display  spatial  data  that  have  various  formats 
including  ARC/Info  and  ERDAS. 
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The  disadvantages  of  ARC/View  to  this  project  are  listed  below.  However,  several  of  these  disadvan- 
tages will  be  eliminated  with  the  release  of  a new  version  of  ARC/View  in  late  1993. 


Limited  data  analysis  capabilities.  ARC/View  is  only  able  to  display  spatial  data  and  generate  simple 
tables  of  statistics.  Additional  data  analysis  capabilities  will  be  included  in  the  new  version  of 
ARC/View.  However,  additional  capabilities  will  mean  a more  complex  tool  and  thus  additional 
training  requirements/commitments. 


No  data  entry/modification  capabilities.  Data  can’t  be  entered  or  modified  using  ARC/View  Other 
GIS  tools  must  be  used  to  modify  or  add  data  sets.  The  new  release  of  ARC/View  will  elimma 
some  of  this  problem.  However,  this  again  increases  the  knowledge  of  ARC/View  that  a user  must 


have. 

Despite  these  limitations,  ARC/View  should  provide  the  capabilities  required  early  in  the  project  and  the 
KSC  environmental  decision  support  project.  If  additional  capabilities  are  required,  the  new  release  of 
ARC/View  or  ARC/Info  would  likely  be  viable  options. 


3.3  GIS  Data  at  KSC 

Extensive  GIS  data  sets  have  been  developed  for  KSC  by  the  KSC  Remote  Sensing  and  GIS  Lab  to 
support  ecological  and  habitat  research  and  management.  The  data  sets  identified  for  use  in  this  project 

include: 

• Vegetation  types 

• Habitat  types  v 

• Soils 

• Wetlands 

• Groundwater  recharge  areas 

• Scrub  jay  habitat 

• KSC  boundaries 

Other  GIS  data  sets  have  been  developed  by  KSC  Master  Planning.  The  data  sets  identified  for  use  in 
this  project  include: 

• Roads 

• Buildings  and  parking  lots 

• Water  lines 

• Sewer  and  storm  drains 

• Power  lines 

• Drainage  ditches 

• Railroads 

Numerous  other  GIS  data  layers  are  available  from  the  Remote  Sensing  and  GIS  Lab  and  from  Master 
Planning.  Portions  of  the  remaining  data  sets  will  be  useful  to  future  decision  support  system 
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development  efforts. 

The  above  data  sets  listed  above  served  as  a starting  point  for  development  of  the  spatial  data  com- 
ponent of  the  system.  However,  before  using  these  data  in  ARC/View,  additional  da 
labeling/documentation  was  required.  Data  from  the  KSC  Remote  Sensing  and  GIS  Lab  were  awed I m 
ERDAS  software  formats.  Although  ARC/View  could  display  these  data  without  modificauo^e  tabu- 
lar  reports  of  statistics  aren’t  available  for  this  format.  Statistics  are  only  available  within  ARC/Viewfor 
d^taT^C/Info  formats.  The  ERDAS  data  were  converted  to  the  ARC/Info  format  as  described  m 
Appendix  A (Conversion  of  ERDAS  GIS  Data  for  Use  in  ARC/View).  In  addition  to  conversion  of  for- 
mate the  addition  of  labels  was  required.  For  example,  die  converted  sod  map  contained  only  numerical 
Ss“°al  thus  SOU  serL  names  were  added  to  the  Info  data  tables.  Tins  process  ts  also 
described  in  Appendix  A.  Data  from  Master  Planning  were  used  without  modification. 

Once  data  layers  were  modified  using  the  procedure  described  above,  severalv/ew.r  were ‘ 

Within  ARC/View,  a view  is  a collection  of  GIS  data  layers  and  information  about  how  to  display  these 
dala  and  the  associated  tabular  data.  A view  defines  the  data  that  is  to  be  displayed  when  it  is  opened,  the 
data  that  is  available  for  display,  the  order  of  data  layers  in  the  display  menu,  data  layer  legends,  and 
other  information.  Several  views  were  developed  to  support  the  different  components  of  the  expert  sys- 
tem. 

3,4  Expert  System  Development  Tool 

Expert  system  development  tools  are  usually  used  to  facilitate  the  development  of  expert  systems 
(Enee/et  a/  1991)  For  this  project,  KnowledgePro  Windows  (Knowledge  Garden.  1991)  was  selected 
system  developin'  .ool,  KnowledgePro  Windows  suppom  bod,  objecl-orrenied  and  rule- 
based  programming  approaches.  The  reasons  for  its  selection  include. 

. Preferred  computer  for  delivery.  The  preferred  computer  for  delivery  of  the  prototype  system  is  a PC. 

. Multimedia  capabilities.  KnowledgePro  Windows  supports  PC  multimedia 
several  multimedia  capabilities.  Graphics  and  hypertext  can  be  easily  incorporated  within  applica 

tions  using  KnowledgePro  commands. 

. No  runtime  license.  KnowledgePro  Windows  applications  do  not  require  the  purchase  of  a runtime 
license. 

. Interaction  with  other  Microsoft  Windows  applications.  KnowledgePro 
soft  Windows  and  thus  interacts  well  with  other  Windows  applications  including  PC  ARC/View. 

3.5  Habitat  Module 

One  of  the  checklist  questions  asks  whether  endangered  species  habitat  will  be 
this  auction  an  extensive  expert  system  module  was  developed.  A publication  on  biodiversity  at  KSC 
cuZay  und”  development)  served  as  the  starting  point  for  this  module.  This  document  contain 
extensive  descriptions  of  wildlife  species  at  KSC.  habitat  descriptions,  and  wildlife  species  habitat 

requirements. 
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The  major  sections  of  the  habitat  module  include: 

• Habitat  descriptions 

• Habitat  locations  at  KSC 

• Species  use  of  habitats 

• Species  descriptions 

Existing  GIS  data  layers  were  reclassified  to  provide  a GIS  layer  showing  the  habitat  locations 
described  in  the  biodiversity  publication.  Numerous  wildlife  and  habitat  graphics  were  added  to  the 
module.  The  process  is  described  below. 

3.6  Video  Capture 

Video  footage  of  wildlife,  habitat,  and  facilities  at  KSC  was  taken  using  a VHS  video  camera.  Short 
video  clips  ranging  from  3 to  10  seconds  were  captured  and  compressed  for  use  in  the  expert  system 
using  Intel  Smart  Video  Recorder  hardware  and  software  (Intel,  1993).  Once  captured,  these  video  clips 
can  be  played  on  a PC  without  the  video  board  using  Microsoft  Video  for  Windows  (Microsoft,  1992). 
The  runtime  version  of  Microsoft  Video  for  Windows  does  not  require  a runtime  license  and  is  easily 
accessed  from  within  KnowledgePro  Windows  applications. 

The  video  was  captured  at  a 160x120  pixel  resolution  at  between  12  and  15  frames  per  second.  This 
resolution  and  speed  was  found  to  be  the  most  effective  option,  given  computer  speed  and  file  storage 
requirements.  A compressed  video  clip  of  75  frames  (provides  5 seconds  of  video  at  15  frames/second) 
required  approximately  425  Kbytes  of  storage.  This  storage  requirement  was  obtained  using  the  compres- 
sion algorithm  recommended  to  obtain  the  highest  quality  video  dips.  Other  compression  options  are 
available  but  will  degrade  the  quality  of  video  clips.  Video  for  Windows  is  capable  of  uncompressing 
and  playing  compressed  files  at  the  speeds  at  which  they  were  captured. 

3.7  Graphics  Capture 

Slides  and  photographs  of  habitat  and  wildlife  were  captured  using  a scanner  for  the  photographs  and 
a slide  digitizing  device  for  the  slides.  The  digitized  graphics  were  saved  in  the  bmp  (bitmap  for  Win- 
dows) format.  Graphics  in  this  format  were  easily  incorporated  in  KnowledgePro  Windows  applications. 
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IV.  RESULTS  AND  DISCUSSION 

This  section  describes  the  views  developed  for  ARC/View  and  shows  example  screens  from  these 

be  viewed  on  the  computer  to  be  fully  appreciated. 

4.1  Example  Screens  from  ARC/View 

Several  view!  were  developed  in  ARC/View  using  the  OIS  data  layers  described  previously  -^  These 
views  can  be  accessed  from  the  appropriate  locations  in  the  expert/infomtatton  system  or  used 

alone  manner  with  ARC/View. 

Figure  4. , shows  one  of  die  v*e^  fta^e^fatd^ireas  impac^^vd^n^gi'mn  dis^ 

of  the  figure)  allows  users  to  query  the  database. ' fi  shows  the  ^pua, 

tance  of  a feature,  and  zoom  within  die  data  displayed  The ^nPS^d determine  the  type  or 

iSHamlayi— 

their  legends  can  be  displayed  as  desired. 
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Figure  4. 1 Portion  of  an  ARC/View  Data  View 
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4 2 Example  Screens  from  the  Expert/Information  System 

' This  section  desaibes  the  operation  of  .he  expert  nformation  *»£ 

Once  die  system  is  started,  the  user  is  asked  to  prov.de  in  Figure  4.3. 

based  KSC  Environmental  Checklist.  A portion  o 4 ^ . invokes  questions  that  require 

The  mouse  is  used  to  check  the  Plai” 

pm 

GIS  layer  showing  wetland  locations  and  types  at  KSC. 

Selecdng  the  Entered  species  hnhim,  link  " " ‘ M " 
wildlife  species  expert/information  system.  Example ^howm «F  W or 

ing  the  Entente. red  species  M im,  link.  the « '* P»»*  about  Utat 

types  of  habitat  that  wiU  be  affected.  Selecting  5JL.Pwbe„  ^ Scnlb  slash  Pine  habitat  is 

habitat  at  KSC.  Figure  4.5  shows  the  menu  that  is  Pr““^  hQn  “ layed  whe„  the  Species  uniting 
selected  from  the  previous  menu.  Figure  4h  Thi  ble  UsK  ^ species  that  use  this  habitat  and 

Scrub  and  Slash  Pine  link  '^^^^bg°^^j^k^^etMo^dtHtionaHnfotrnation  about  that  species  ns 
describe  how  they  use  it.  Each  of  * ^ ortion  of  the  additional  textual  information  avail- 

t^s  CsyS  user  is  returned  one  level  (window)  at  a time  after  accessing  addiuonal 
information  to  allow  additional  links  to  be  explored. 
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Does  the  construction,  installation,  renoual.  aetioation,  or 

f or^each^lternatSoe^ons iSeredt  Se^instruct ions,  when  in  joubt, 
check  yes)  . _ . . 

Alternative  number  and  description- 


O YES 

O NO 

O YES 

O NO 

O YES 

O NO 

O YES 

Ono 

O YES 

Ono 

Oyes 

Ono 

Oyes 

Ono 

Oyes 

O NO 

Oyes 

O NO 

Oyes 

O NO 
C>  kux 

Discharge  of  any  substance  to  the  environment 

Land  alteration*  excavation*  dewatering 
or  removal  of  vegetation 

Construction  in  wetlands 
Construction  in  floodplain 

Generation  of  ionizing  or  non-ionizing  radiation 
or  use  of  any  radiation  source 

Asbestos-containing  materials  or  facilities 

PCB-contaminated  materials  or  equipment 

Generation  of  waste  other  than  normal 
construction  wastes 

Use  or  storage  of  Hazardous  or  Toxic  Materials 
Aboueground  or  underground  storage  tanks 


m 

mr 

m 


m 


m 


-m 

1 

I 

I 

I 

m 


1 


,nr  jima 


m 


Figure  4.3  Portion  of  the  Expert  System  Environmental  Checklist 


What  types  of  habitat  are  found  within  the 
area  of  interest? 

□ Estuarine  Waters  and  Edge 

i i impounded  Open  Water  and  Mud  Flats 

□ Salt  March 

□ Cattail  and  Gramlnold  Marshes 

□ Coastal  Dune  and  Strand 

□ Ocean  Beach 

D Scrub  and  Slash  Pine 

□ Broadleaved  Forests 

D Miscellaneous  Disturbed  {e.g.  citrus.  Brazilian  Pepper) 

□ Islands 

□ Ditches  and  Canals 
D Ruderai  Grass 

□ Continue 
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Figure  4.4  List  of  KSC  Habitat  Types 
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What  type  of  additional  information  would  you  lihc? 

d Description  of  Scrub  and  Slash  Pine  habitat 

□ Species  that  utilize  Scrub  and  Slash  Pine 

□ Location  on  John  F.  Kennedy  Space  Center 

□ Pictures  of  Scrub  and  Slash  Pine  habitat 

□ Video  of  Scrub  and  Slash  Pine  habitat 

□ Continue 
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Figure  4.5  Menu  to  Access  Scrub  Habitat  Information 


total 

total 


number 

number 


priority  taxon  requiring  this  habitat  is 
priority  taxon  using  thxs  habitat  is  JU- 


Habitat  Use 


Florida  Scrub  Jaj/ 

Southern  Bald  Ea<rle^ 
Southeastern  Beach  Mouse 
Eastern  Indigo  Snake 
Florida  Pine  Snaked 
E-  Diamondback  Rattlesnake. 

Arctic  Pereq*;ine  Falcon 

Gopher  Tortoise 
Gull-billed  Tern 
Bobcat 
King snake 
Ospre v 
Barn  Owl 

Pileateil  Woodpecker 
Eastern  CoachwhiE 
Red-shouldered  Hawk 
Copperas  Hawk 
Northern  Harrier 
Barred  Owl 
Florida  Mouse. 

Merlin 

Dusku  Pugmg  Rattlesnake 


4 

B4F1 

2R 

4 

4 

4 

FI 

4 

FI 

4 

i 

B4 

F2 

3 

4 
F2 

3 
F2 
F2 

4 
F3 

4 


"•y----"  nni 


i'lViVt  iYiTiTi  uiiirt  jiiYiii  < »<■»  i » n < » i*h 


Figure  4.6  Species  that  Require  and  Use  Scrub  Habitat 
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1 

Vhat  type  of  additional  Florida  Scrub  Jay  information  would  you  like? 

£i 

i 

□ Seasonal  abundance,  population  size,  and  measures  of  endangerment 

D Protected  status  on  John  F.  Kennedy  Space  Center 

( 

□ Habitat  location  on  John  F.  Kennedy  Space  Center 

§ 

MK 

□ Pictures  of  scrub  habitat 

| 

□ Video  of  scrub 

l 

D Picture  of  a Florida  Scrub  Jay 

J 

□ Video  of  a Florida  Scrub  Jay 

| 

□ General  information 

l 

G Continue 

v 

1 

1 

m 

Figure  4.7  Menu  to  Access  Scrub  Jay  Information 


Florida  Scrub  Jay  <flphelocona  coerulescens  coerulescens? 

The  Florida  Scrub  Jay  is  referred  to  as  a disjunct  race 
of  Scrub  Jay  which  is  widespread  in  the  western  U.S.  and 
Mexico.  Recent  genetic  studies  haue  shown  that  the  Florida 
Scrub  Jay  has  become  distinct  enough  to  he  considered  a 
separate  species  and  it  should  be  officially  recognized  as 
such  within  the  near  future  <J.  Fitzpatrick  and  D. 

MacDonald,  pers.  conn.).  Its  population  has  declined  by  at 
least  5 0X  due  to  habitat  loss  and  degradation  <Cox  1987?  and 
many  remaining  populations  are  vulnerable  due  to  low . 
population  size,  habitat  fragmentation,  and  degradation 
<Fitzpatrick  et  al.  1991>. 

The  Florida  Scrub  Jay  diet  consists  mainly  of  insects 
and  small  vertebrates  throughout  most  of  the  year.  Acorns 
are  extremely  important  in  winter  when  insect  numbers  are 
low.  Nesting  season  ranges  from  late  February  to  early 
June.  Reproductive  success  varies  From  one  year  to  the  next 
at  ftrchbold  Biological  Station  in  Highlands  County 
< Woolf enden  and  Fitzpatrick  1984>  and  on  KSC  CBreininger  and 
Smith  unpublished  data>.  Unlike  the  western  Scrub  Jay,  the 
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Figure  4,8  Textual  Scrub  Jay  Information 
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V.  SUMMARY  AND  CONCLUSIONS 

A decision  support  system  project  has  been  initiated  to  develop  software  to  assist  with  environmental 
A decision  support  v j ^ . for  ^ decision  support  system  was  developed 

SS55Ss==sk£  ss=r sasfrr 

matlolT^  expertise  that  those  completing  the  checklist  often  don',  have  and  can't  eastly  obtatn. 

can  request  additional  information  to  comp  ete  c ec  checklist  items  asks  whether  endangered 

links  provide  a variety  of  information.  For  J“^"^^mLtaUon  system 

ESSssssws^" 

The  prototype  system  is  in  a usable  form,  bu, 

m^fiJoS^eTabhat  Se"'co^ld  Z used  as  an educational  and  training  tool  a,  KSC 

and  many  other  locations  including  schools. 
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VI.  RECOMMENDATIONS  FOR  CONTINUED  WORK 

This  section  describes  areas  of  continued  and  future  work.  Suggestions  for  continued  work  on  the 
KSC  environmental  and  natural  resources  decision  support  system  are  given  in  Appendix  D. 

The  expert  system  developed  in  this  project  is  by  no  means  complete.  Several  improvements  to  the 
habitat  module  should  be  made.  Additional  graphics  and  video  of  wildlife  and  habitat  should  be  added. 
Graphics  of  habitat  at  various  stages  of  development  and  for  the  different  seasons  of  the  year  should  be 
added.  Additional  hypertext  links  within  the  program  should  be  added.  Further  testing  of  current  links 
should  also  be  conducted.  At  the  present  time,  the  GIS  data  is  not  linked  to  the  expert  system  because  the 
computer  used  for  development  did  not  have  enough  RAM  to  allow  both  KnowledgePro  Windows  and 
ARC/View  to  run  concurrently.  The  habitat  module  could  be  slightly  modified  and  used  for  educational 
purposes  at  KSC,  schools,  the  Fish  and  Wildlife  Service,  the  National  Park  Service,  and  other  special 
interest  groups. 

The  GIS  data  for  ARC/View  should  be  subdivided  based  on  KSC  regions.  The  time  required  to 
display  the  current  data  layers  for  all  of  KSC  on  the  computer  used  for  development  (33  MHz  486  with  4 
Mbytes  RAM)  is  very  slow.  The  habitat  layer  with  slightly  over  23,000  polygons  requires  approximately 
16.5  minutes  to  be  entirely  displayed.  The  scrub  jay  habitat  with  approximately  7,800  polygons  requires 
just  over  4 minutes  for  display.  Dividing  KSC  into  areas  and  subdividing  the  GIS  data  based  on  these 
regions  would  improve  the  display  time  to  an  acceptable  level.  The  appropriate  regions  could  be 
accessed  through  a menu  or  graphically  using  a map  of  KSC. 

Additional  GIS  data  layers  for  ARC/View  must  be  converted  for  use  on  the  PC.  Disk  space  available 
on  the  PC  was  not  adequate  to  move  all  of  the  data  desired.  Appendix  C provides  instructions  for  conver- 
sion of  the  data  layers. 

Additional  expert  system  modules  could  be  developed  and  added  to  the  checklist  to  assist  with  items 
not  addressed  in  the  current  system.  Other  GIS  data  layers  would  be  useful  in  answering  some  of  the 
checklist  items.  For  example,  one  of  the  questions  asks  whether  the  proposed  action  will  be  in  the  100  or 
500  year  flood  plains.  Only  paper  copies  of  these  maps  are  available  at  the  present  time. 

Other  environmental  checklists  are  used  at  KSC  for  certain  activities.  These  checklists  could  also  be 
implemented  as  expert  systems.  Other  expert  system  modules  could  be  developed  based  on 
questions/problems  encountered  by  KSC  pollution  officers.  Development  of  these  expert  systems  will 
also  require  additional  GIS  data  layers. 

Opportunities  exist  to  develop  more  comprehensive  decision  support  tools  for  KSC  such  as  those 
described  in  the  Related  Literature  section.  Such  tools  would  help  with  day-to-day  operations  and  long 
term  planning. 
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APPENDIX  A.  CONVERSION  OF  ERDAS  CIS  DATA  FOR  USE  IN  ARC/VIEW 


ERDAS  GIS  files  can  be  used  directly  by  ARC/View.  However,  when  used  in  this  wa^J®  da“  “ 
thus  statisfics  are  not  available 

are  desired  within  ARC/View,  a conversion  process  mus  be  foUowed  If  abelmg  ot  ar  ^ 

include  the  steps  below  that  will  allow  labeling  of  polygons  (s  p 
described  below. 


1.  Use  ARC/Mo  to  convert  ERDAS  data  to  ARC  GRID  format  (erfasgrid  <in_erdasjile> 
<out_grid>). 

* 2^25?  r 

obtained  from  GRID  data. 

3.  Within  Info,  select  the  Info  file  that  contains  the  appropriate  GIS  layer  statistics  (SEL  <info_file». 
The  GIS  layer  files  that  must  be  modified  are  those  that  end  with  .PAT. 

4.  Export  the  information  in  selected  file  to  an  ascii  file  (EXPORT  <f.lename>  ASCII). 

5 Cancel  the  association  between  the  Info  file  and  any  external  files  (EXTERNAL) 

6 Remove  the  data  from  the  Info  file  (PURGE). 

not  remove  existing  columns. 

For  example,  soil  series  names  were  added  as  labels  when  develop, ng  fire  sods  layer. 

9 import  the  external  file  into  the  modified  template  (IMPORT  <ascii_file_name>  ASCII). 

10.  The  resulting  information  can  now  be  accessed  by  ARC/View  and  the  labels  added  wrl!  be 
displayed  in  ARC/View  tables. 
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APPENDIX  B.  CLIPS  FILE  FOR  ADDING  TEXT  LABELS 
TO  INFO  TABLE  FOR  WETLANDS  LAYER 


(defrule  xx 
(declare  (salience  5)) 

(initial-fact) 

=> 

(open  "wetlands.exp"  ex.file  "r")  ;;;  open  the  exported  wedands  data  file 
(open  "wet"  ex2  "w")  ;;;  open  a file  to  write  new  data  in 

) 

(defrule  xx2 

;;;  read  original  data  and  determine  text  label  to  add  - then  add  new  label 
(initial-fact) 

=> 

(bind  ?c  1) 

(bind  ?c2  0) 

(while  (<  ?c2  24000) 

(while  (<  ?c  6) 

(bind  ?x  (read  ex.file)) 

(bind  ?c  (+  ?c  1)) 

(fprintout  ex2  ?x  crlf) 

) 

(readline  ex.file) 

(if  (=  ?x  1)  then  (fprintout  ex2 " 

(if  (=  ?x  2)  then  (fprintout  ex2  " 

(if  (=  ?x  3)  then  (fprintout  ex2  " 

(if  (=  ?x  4)  then  (fprintout  ex2  " 

(if  (=  ?x  5)  then  (fprintout  ex2  " 

(if  (=  ?x  6)  then  (fprintout  ex2  " 

(if  (=  ?x  7)  then  (fprintout  ex2  " 

(if  (=  ?x  8)  then  (fprintout  ex2 " 

(if  (=  ?x  9)  then  (fprintout  ex2 " 

(if  (=  ?x  10)  then  (fprintout  ex2 " 

(if  (or  (<  ?x  1)  (>  ?x  10))  then  (fprintout  ex2  " 

(fprintout  ex2  crlf) 

(bind  ?c  1) 

(bind  ?c2  (+  ?c2  1)) 

) 

) 
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APPENDIX  C.  CONVERSION  OF  UNIX  ARC/VIEW  COMPATIBLE  FILES 
FOR  USE  WITH  THE  MS  WINDOWS  ARC/VIEW 

Before  files  that  are  used  with  the  UNIX  ARC/View  can  be  used  with  the  MS  Windows  version  of 
ARC/View,  these  files  must  be  converted.  The  conversion  process  is  described  below. 


1. 


2. 


3. 


4. 


A file  called  pcname.c  is  installed  with  ARC/View  during  the  installation  of  the  MS  Windows  ver- 
sion of  ARC/View.  This  file  must  be  moved  to  a machine  running  UNIX  and  compiled.  The  exe- 
cutable file  that  is  produced  should  be  called  pcname. 

A UNIX  shellscript  file  called  pcwksp  is  also  installed  during  the  installation  of^MSWitKiows 
version  of  ARC/View.  This  file  should  also  be  moved  to  a machine  running  UNUC  It  may  be 
necessary  to  modify  the  shell  script  to  include  the  path  to  the  pcname  executable  Ble  that  was 

created  in  the  previous  step. 

Use  pcwksp  to  create  a PC  workspace  from  the  UNIX  workspace  of  CIS  flies  (pcwksp 
unix_workspace  pc_workspace). 

r™v  the  PC  workspace  created  in  the  previous  step  to  the  PC  with  the  MS  Windows  version  of 
ARC/View  Once  copied,  the  MS  Windows  version  of  ARC/View  should  access  the  data  in  a 
manner  similar  to  ARC/View  on  UNIX.  The  speed  at  which  MS  Windows  ARC/View  displays 
3ag«“ay  be  significantly  slower  than  under  UNIX,  especially  with  files  contatnutg  large 

numbers  of  polygons. 
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APPENDIX  D.  STRATEGY  FOR  DEVELOPMENT  OF  ENVIRONMENTAL 
AND  NATURAL  RESOURCES  DECISION  SUPPORT  SYSTEMS  AT  KSC 


1 . Identity  potential  users  of  the  decision  support  system. 

2.  Provide  key  spatial  (GIS)  data  layers  to  a small  group  (5  or  6)  potential  users. 

ARC/View  should  be  used  to  provide  access  to  the  GIS  data.  ARC/View  is  a tool  for  viewing  GIS 
data.  It  also  provides  minimal  data  manipulation  capabilities. 

The  strengths  of  ARC/View  include:  1)  very  easy  to  use  - minimal  training  of  those  using  it  would 
be  required  (probably  2 one  hour  sessions);  2)  cost  - ARCTView  for  a PC  is  less  than  $500,  3) 
NASA  contractor  personnel  are  familiar  with  ARC/View;  4)  runs  on  several  machines  (PCs  under 
Microsoft  Windows,  Macs,  and  UNIX  machines) 

Data  layers  that  will  be  provided  initially  must  be  identified.  These  will  likely  include:  soils,  wet- 
lands, vegetation,  habitat,  facilities,  and  roads.  For  this  limited  number  of  data  layers,  existing 
computer  hard  disks  may  be  of  suitable  size.  Additional  hard  disk  space  may  be  required  or  the 
data  layers  could  be  placed  on  CD  ROMs. 

Involving  potential  users  of  software  at  the  initiation  of  a project  is  almost  always  a good  idea. 
Involvement  will  increase  their  support  for  the  project  and  acceptance  of  the  final  product. 

3.  Work  with  potential  users  of  the  decision  support  system  to  identify  their  needs  and  questions  they 
must  answer  that  require  the  use  of  spatial  and  other  environmental  and  natural  resource  data. 

Providing  ARC/View  and  some  GIS  data  layers  to  potential  users  (see  above)  will  provide  an 
opportunity  to  better  determine  what  capabilities  the  decision  support  systems  should  have. 

4.  Once  user  needs  are  identified,  decision  support  system  modules  can  be  identified  to  fit  the  needs  of 
the  users.  Software  modules  can  also  be  prioritized  for  development  at  this  point. 

The  additional  data  (both  GIS  and  non-spatial)  that  will  be  required  must  also  be  identified.  The 
potential  users  can  also  assist  with  identification  of  additional  data  requirements. 

5.  Develop  decision  support  system  modules.  Prototypes  can  be  quickly  delivered  to  potential  users 
to  gain  feedback. 

6.  Provide  final  versions  of  decision  support  system  modules  to  potential  users. 

7.  Maintain  and  develop  new  databases. 

8.  Maintain  software  modules. 
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ABSTRACT 


This  study  intercompared  lightning  data  from  and  LLP n<Jersi tora  electrical 

learn  more  about  the  spatial  The  ultimate  goal  of  the 

discharges  aloft  and  lightning  , f J L improve  the  process  of  real- 

etudy  is  to  provide  information  tha  weather  forecasters  who  issue 

time  detection  and  warning  of  ligh  . and  Ranging  (LDAR)  System  pro- 
lightning advisories.  The  ^^^^^^  thunde^stoins  that  includes  cloud-ground 
vides  data  on  electrical  discharges  ^.^^“^^^d-to-cloud,  and  sometimes 
flashes  as  well  as  lightning  aloft  within  cj Loud,  ciou  The  Lightning 

emanating  from  cloud  to  clear  air  outaide  or  above  ci  , 3trikes  from 

Location  and  Protection  (LLP)  sy^em  detect^  Primariiy^^  r fcQ  the  first 

lightning.  Thunderstorms  typically  pr  >d“°*  Jogitions  of  ground  strikes 

ground  strike,  so  that  knowledge _ of  thunderstorm  could  allow  advance 

relative  to  the  LDAR  data  pattern  f studies  described  in  the  report 

estimates  of  enhanced  ground  strike  threat.  sru  lative  to  the  LDAR  data 

examine  the  position  of  cte^r°^rt  also  describes  other  Potential 

a:  *»««»• .« n**— 

ground  strikes. 
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SUMMARY 


The  Lightning  DeteGtion  a^  Ranging  ^^j  syatem^shows  gre^  thJJderstornis  to 
detecting  lightning  within  ,^u^e^°™the  clouds.  Real-time  displays  of  LDAR 
ground  or  to  clear  air  outside  H personal  observations  of 

data  — monitored  on  a daily  basis  ana  P itv  0f  KSc  — often  revealed 

cloud,  thunder,  and  lightning  conditions  example,  Yin  the  late  stages  of 

intriguing  patterns  of  * asj-horizontal  discharges  spanned  tens  of 

thunderstorm  systems,  many  9 1 aDDeared  to  follow  the  top  and  bottom  of 

ssss  ** ica- 

Thunderstorms  typically  Pro?u°f eferred%osition»°of  fround  strikes  relative  to 
strike,  so  that  knowledge0  ?£®nde£stoS  COuld  allow  advance  estimates  of  en- 
the  LDAR  data  pattern  from  a thunderstorm  lead  time  ±n  this  study  was  5.26 

hanced  ground  strike  threa  . ,,  strike  to  ground  within  a minute  of  the 

minutes . only  19%  of  the  methods  of  detecting 

first  LDAR  detection  of  the  storm.  ” Location  and  Protection  (LLP) 

■=£  ^d.rect.”iiy  gM^hes’  from  lightning,  and  LPAB,  using 
data  points  below  2.6  km. 

Eighty-five  percent  of  the  ? ast  oc i aSd  "wit^  the*  thunderstorms , and  9 8% 

boundaries  of  the  LDAR  data  storm  LDAR  data  boundaries.  Ground 

occurred  within  or  less  than  2 km  b/y°ndofth\^°™inutes  while  LDAR  detected 
strikes  were  detected  during  41%  of  *£ar  ^ center  Gf  the  LDAR— 

thunderstorms.  Ground  strikes  strikes  and  nearly  two  million  LDAR  data 

"tS?.  94T"hd  i™d  cl.  dune  and  duly.  1,.,. 

The  report  also  Solved  the 

thunderstorm.  For  mtercomparis  , „haracteristics  and  evolutions  of  these 
samples  of  one-minute  dura  1°^.  relation  to  concurrent  and  subsequent 

MLDAR-def ined  storms"  were  exsmined  in  relati^  stormg  were  defined  xn  this 

ground  strikes.  Three  hundred  nin  Y -trikes  at  some  time  during  their 

manner,  of  which  169  (43%)  produc  minute s , more  than  half  of  the  ground 

existence.  At  forecast  times  current  LDAR  boundaries  of  the  storm, 

strikes  occur  outside  the  boundaries  of  the  cur^nt^LD^  *»»  ^ fiankg  q£  the 

indicating  the  development  of  new  thu were  quasi-stat ionary , some 
existing  storms.  On  days  w ® strikes  along  the  southeast  flank  of  the 

se-  - shoun 

t°chltr^ce~  SSSS 

strikes  the  storms  had  many  more  ^/™"n\Vi™„g  iS  events,  a much  larger 
events,  larger  cross-sectional  area  cental  of  LDSH  events  per  unit 

Jo^?^n|P?grea““Sr  of  hOhK  event,  per  unit  cross-sectional  area. 
storms  that  produced  ground  str^ 

ground^strikes^never^ad^E^^data^a'te^prelrte^than  ^^^^^^^^cneration 

hi  had  a period 

of  more  than  150  LDAR  data  points  per  minute. 
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I . INTRODUCTION 


The  Kennedy  space  center  (KSC)  is  ^ghtifi^g' " t ikes  to  ground 

states  (and  even  the  rf*uih?5in9  «t  the  surface  or 

per  unit  area  (refs,  I/2'3)*  ..  . t be  avoided  during  launches,  on  a daily 

aloft  is,  of  course,  a hazard  that  must  be  avoidea_ ^ ^ ^ curtailed  if  there 

basis,  however,  there  are  many  operations  at  vicinity.  The  accuracy  and 

is  a threat  of  a lightning  stn  e 9 . b both  safety  and  economic  im 

timeliness  of  lightning  advisories  ^eref ore^ha_ _ ^ ^ thi8  report  is  to  pro- 
plications.  The  ultimate  goal  of ; the th^process  of  real-time  detection 
:^‘?^o%iUg«'ni»rbrw-S.r°fo^c«?.rs  wL  issue  lightning  advisories. 

Prior  to  the  development  and  implementation  of  a- ability  to 

slllt  . The  locations  of  ^“pitation 9and  cloud  elec- 

upon  crude  correlations  between  Jhe  intensi  y P £ thunderstorm  clouds  in 
trification,  or  by  recognizing  ch^acteris  n P gensing  systems  now 

satellite  imagery.  National ’of  the  location  of  lightning  strikes 
exist  (ref  4),  that  allow  a d^ect  knowledge  ot^  ial#  denger  networks  of  re- 

to  ground  with  accuracy  of  a few  kilometer.  ^ provide  highly  accurate  mfor 

mote  sensing  equipment  have  been  f ^ the  Lightning  Location  and 

mation  concerning  lightning  » and  Ranging  (LDAR)  system. 

Protection  (LLP)  system  and  the  .^9w2iina  system  (LPLWS)  is  operated  to  detect 
in  addition,  a Launch  Pad  Lightning  warnig  Y 'storms  or  other  atmospheric 

electric  fields  at  the  surface  system  (CWLIS)  detects 

conditions,  and  a catenary  are  g ^ pads  when  struck  by  lightning.  a 

sr  inpthis  study. 

The  LLP  system  (ref  5)  ^^torow»etic  disturbances 

in  r^oad^oJ^eqiencies  triggered  b of 

the^ground^s trike  E°2. 2?  S^r g^^SflS 
^sitHs^oSteJy  “Jrf'&Sin  detecting  ground  strikes  near  KSC,  with 
position  accuracy  of  about  1 km. 

The  LDAR  system  was  developed  by  CarJ.  Lennon  d^ata°' bance's^at  66  MHz  frequency. 
61  Its  antennae  detect  lightning— m uc  extremely  accurate  timing 

This  system  uses  a ti» . of  arrival M*0*> r^Sing-induced  die- 
through  use  of  the  Global  Positioning  System^  (0^^  propagatiori/  arrives  at  dif- 
turbance,  travelling  at  the  sPf®  t-imes  The  three-dimensional  position  of 

ferent  antennae  at  slightly  differe  rbing  these  time  offsets  into  distance 

S?fer?n“t7»r4'n’4?“™U  a triangulation.  The  Lh»R  system  began  re.  - 
time  operation  in  June,  1992 . 

The  LDAR  system  can  generate  uptolo^o0°data  Pbrj”  position  accuracy  of  the 

^“^^o^^ngur:  ^“f^.Sa^s  a s^le  plot  of  X.AR  data  during  one  min- 
ute, projected  to  their  positions  at  the  surfac  . 
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Figure  1-1.  Horizontal 

map  domain  during  the  minute  beginning  reoresent  KSC  and  U.S.  Air  Force 
17?),  shown  by  dots  Circles  and  central  site,  about  1 km  north  of 
“ Headquarter s ^ui^ding f ° Th^ma^  domain  eSnds  S2  k^  west  and  east  of  the 
central  site  and  40  km  north  and  south. 


For  that  potential  to  be  realized  in  the  lighting  fetation  p^?5eei 

This  study  examines  spatial  and  tempor^  ^^^onshxps  b^ween^  SyStems. 

detected  by  LDAR  and  ground  strik  ig  tfae  j^ad  time  between  the  first  de- 

Several  questions  are  addressed.  ( > there  preferred  locations  of 

tection  of  LDAR  events  and  ground  strikes?  <2  )J ^e  there  PP,  eg  detected  by 

occurrence  of  ground  strikes  rela^®  d strikes  be  anticipated  through  know- 
“£e  of3th^“ar«S't^ev«t  P»«“";he<4t»hr“  t ofTrounnSkL^afonSS? 
t=)  Meatha°“  abigna8teuroa  in  tSTSL  data  that  reveal  uhich  atoms  produce  ground 
strikes  and  which  do  not? 
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II. 


GENERATION  OF  THE  DATA  BASE 


2.1  LDAR  DATA 

. , _ . l * m&R  network  antennae  are  used  to 

The  time  series  of  x^y,  and  z positions 

qenerate  a sequential  listing  of  L horizontal  locations  are  given  as 

S5S  SI, St  fJShZ^SS. ^'stored  in  files  one  -nn  in  <—tlo». 

For  purposes  of  this  study,  4-dSinsional  array 

lo^r1  ““e  waV  originally^eported  by  day  ^rs”1  "«ray  daTfin  ‘tfS 

tllllll  ^datn.^S:nts0^e  tUn'  3 l tm 

west  direction  or  more  than  40  km  m the  hereafter  as  "LDAR  cubes”  or 

This  yielded  a converted  data  bas s,  data  points  per  minute  within  each 

^e^nt'of^raSrSf  ^ 1 W volumes.  Like  the  original  fx  «, 
cibe  ?iles  contain  data  for  one  hour. 

The  array  horizontal  dimensions 

T“®f:np  the  study  to  a domain  where  ldar  data  were _ 9 followed  for  at  least  one 

a°domaintsuff iciently  shape  was  ohosen  to  match 

hour  without  moving  out  of  the  domain.  Tne  y vertical  dimension  was  0 20 

ssf^siSrs 

d have  been  preferahie.  ^ 

-The  ^TuL^o^^^  d*r  L"ined  st°r” 

classification  scheme,  discussed  in  section  2.3. 


2.2  LLP  DATA 

The  original  LLP  data  were  reeo^d  ^h^start  of  the 

qi?ude  For  use  in  this  study  the  position  was  converted  to 

minute,  as  with  the  LDAR  data,  and  t h_gouth  of  the  LDAR  central  site.  LLP 
distance  in  kilometers  east-west  and  n . ^ information  available  in  the 

positions  were  stored  as  real  numbers . f dfi°nal  intc^  ^ „ strokes  per 

ground^trikef 'aiui1<polari^^oftthe  l*ightning^vent^^sere  ^rocessec^LLP 

lllfSlXl  oiWhcSJ  files  to  match  the  toaK  flies. 

2.3  LDAR-DEFINED  STORMS 

weather  forecasters  use  satellite  imager,  and  weather  £. J»  detect^ Jtrg. 

St  sto“9” 
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STORM  2 0 ^ - -V  " ^ 

\stc 

LDAR  cubes  ^ ^ ^ \ 

superimposed  on  > 

LDAR  data  points 

\ 

>RM  1 

o\ 

1 i 

DAY  173,  22  JUNE  1993  -4  d 

1830  UTC 

] ° V 

Jr 

picture  2-1.  LDAR  cubes  superimposed  on  LDAR  data  points  used  in  LDAR  storm 
riLoifiration.  as  in  Ficr.  1-1/  except  only  a portion  of  the  domain  is  show] 


classification 


and  thundershowers • f^d* wit^thu^er^tonne It  seemed  natural, 

“cu^dUflnto  groups,  yielding  -LDAR-def ined  storms 

or  "LDAR  storms." 

While  humans  can  visually  recognize  vaults  can3 bT obtained  by  computer, 

rules  must  be  specified  before  comparable  ] resuJ L«  °caation  procedure,  LDAR  cubes 
In  the  first  pass  of  the  computerized  sb °™  ..  Groupings  of  LDAR  cubes,  or 

from  a particular  minute  are  examined ~ diftan*e  9of  each  other,  are 

near-contiguous  groups  within  3 m norizoi  storm  classification  scheme 

Clustered  together  to  form  ^ cubes  during  the 

proceeds  by  first  fining  the  iroan  (x,^  po  mean  into  an  LDAR  storm. 

minute  and  clustering  the  LDAR  cubes  “ until  an  LDAR  cubes  within  the 

The  storm  classification  scheme  thencontinues^  ^t^  geparated  by  more  than  3 

domain  have  been  assigned  a st°r!"  t'he  inflation  of  a new  LDAR  storm.  For 

^ w-ii4  b^ 
2S*ZJS5.  CAllSothertLDAR *01^63  Le  within  3 *m  of  a neighbor, 
and  are  clustered  to  form  LDAR  storm  1. 

S7C5u”'  19»"  alarms  have  been  identified  in  this  pass. 
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, i ini "false  storms”  and 

A second  pass  in  the  storm  c S3^^^tcons istentlv  within  the  hourly  file.  LDAR 
renumbers  the  remaining  LDAR  8 storms  if  they  had  volume  less  than  4 km  . 

storms  were  considered  to  be  false a sto: rms  if JJey  ^ cubeg  had  tQ  contain 
in  terms  of  LDAR  cubes,  this  means  that . at . 1 Thig  lenient  rule  would  not 
at  least  one  LDAR  data  point  during  inu  hundreds  or  thousands  of  LDAR 

discard  a true  lightning  event,  characterize  Y guch  ag  thoge  generated  by 

data  points,  but _ typically  elimina  es  spu  ^P  ^ the  central  site,  and  the 

:cSio»li1Ll"se?0»Upo^pt.Ud  b,  the  LDAR  quality  control  procedures. 

Figure  1-3  shows  the  result  of  the  second  pass  SSTtSSSS 

Sh- snS“^h^l^Ssfo^a^he5r°eLUng  three  atoms  have  been 

renumbered . . . _ DAR 

consistent  LDAR  storm  numbering  from toward  each 
storm  shape  changes  dramatic. al  y .fi  tiog  procedure  keeps  track  of  the  hori 
other  and  merge.  The  storm  clas  H tbe  centroid  position.  This  is  the 

zontal  position  of  each  storm  by  c P i^mrvri  sina  the  storm,  where  weighting 
weighted-mean  position  of  the  LDA?  c.u  efcSh  cubeg  The  rule  invoked  in  the  storm 
is  done  by  the  number  of  LDAR  events  in  the  cubes,  ine  ig  initiated  if 

classification  scheme  is  that  a new  storm  than  6 km  from  the 

the  centroid  position  of  the  storm  g P . . Otherwise,  the  storm  with 

position  of  a?y  storm  during  thegeceec ^e^n^edi^nute\s  assigned  its 
centroid  position  nearest  to  a storm  <=torm  snlit  into  several  LDAR  storms 

identification  number.  Should  a laf9f  ^ the  new  storm  nearest  the  original 
(separated,  by  definition,  by  **0^^  and  the  other  storms  resulting 

!rom\rentspli?  would  obtain  nlw  storm  identification  m»bers. 

consistent  LDAR  storm  numberinq  is  al^^plicated^the  minutes  the 

late  stages  some  LDAR  storms  flash  intermittently  classification  procedure 

LDAR  storm  may  disappear.  Th%j!®ition9  and  identification  numbers  of  all  LDAR 
keeps  track  of  the  previous  P?s*tlons  *£^ttent  LDAr  storms  that  "reappear 

butnrteh.eppeUars  i?  Jould  be  reassigned  a new  identification  n er. 

in  summary,  after  a two-pass  procedure^  let^Clusters  ofLD^cubea  are 

sistently  for  each  minute  during  the  hou  y ated  by  more  than  3 km  from 

identified  as  new  LDAR  storms  when  they  * their  centroid  is  separated  by  more 
other  LDAR  cube  clusters  (storms)  an  LDAR  storm.  This  can  occur  (1)  w en 

than  6 km  from  any  previously  identified  sting  LDAR  storm  expands  so  dra 

isolated  storms  suddenly  appear;  (2)  wh®!V ^idXghifts  by  more  than  6 km;  (3)  when 
mat ic ally  and  asymmetrically  that  it.  ( 4 ) when  an  existing  LDAR 

existing  LDAR  storms  merge  into  a single,  ^ when  a previous  LDAR  stonn 

sSS  splits  into  several  Spears  xfe  percentage  break- 

that  has  been  inactiveformoretha  studied,  but  it  is  believed  tha 

down  of  these  possibilities  has  nor  ye 
( 1) , (2) , and  ( 3 ) dominate . 

_ a new  three-dimensional  (x,y,t) 

The  storm  classification  procedure  9®ne“iffcation  numbers.  This  array  iden- 
array  of  data  containing  LDAR  storn ^ d number  associated  with  the  horizontal 
tifies  during  each  minute  above  point  x,y  contained  any  LDAR 

position  x,y.  If  »o  LMR  cube  value  was  set  to  zero. 

events  during  the  minute,  tne  an  y t d 

£ Hi  3 ThLeLPne\rr°eUsnt  £o:T ^Wntif  led  by 


175 


Figure  2-2.  LDAR  storm  identification  numbers  resulting  from  the  first  pass 
of  the  storm  identification  scheme,  from  1800  UTC,  Day  188,  7 July  1993.  A 
few  additional  landmarks  have  been  shown. 


Fiqure  2-3.  DDAR  storm  identification  numbers  after  the  second  pass  of  the 
storm  identification  scheme.  Identical  to  Fig.  2-2  except  "false”  storms  2 
and  5 of  Fig.  2-2  have  been  dropped  and  the  remaining  storms  renumbered. 
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to  that  cube. 


2.4  COMPOSITE  DATABASE 

The  data  base  used  in  this  3tud\i\eth^0^^  **in 

and  processed  LLP  files  were  ,ava\  , ' hourg  during  June  and  July,  1-99  3 . 

pSSySserof ’ “casS^pSSd  *«»  f rom  "whin*  no"  "llp  events 

occurred^ within th«3e  ^ “*  ^ 
the  results  reported  below. 

The  composite  data  base  contained  1*^3,170  hhhh  data  aboVe  identified 

strikes^  The  two-phase  storm  LLr'of  which  l6^T?3%>  were  affiliated  with  an  PIP 
ll’XZr™  or‘ ^ ~ £ Stir  ekisUncs. 

2.4.1  DERIVED  LDAR  P AMMETERS . Dtortng  the  ^tjSSl ^re^eSveS 
^subsequent  data  processing  a DMj>er  of  “afition  .^P  The8e  included, 

£r°"  SLt'SL? ^nS'-^af  number  of  LDAR  data  points  within  the  LDAR 

LDAh'storm'^voiume  - sum  of  the  number  of  LDAR  cubes  (total  km  contain 
ing  LDAR  events;  number  of  LDAR  columns  which  contained  LDAR 

Le^n?s°S  some  LD^ube  (essentially  the  LDAR  storm  cross-sectr 

LDA^Volume  Density  - number ^sJoS  E^itrS^^DAR  Sto^T Volume; 
by  dividing  the  number  of  ^^^I  points  per  km2,  obtained  by 

” sr&=  r jrn: 


(1) 

(2) 
(3) 


(4) 

(5) 


r OL  ULAfllk  wool... - , . tdar 

“SefSp^s^g^he  data 

points  within  the  cubes;  standard  deviations  of  the  x, 

LDAR  Storm  Breadth  xs,a^ey^dcSe  positions  comprising  the  storm; 
JlRa^oLTsit--nb.!ghtthLio^"  1st  of  tb.  LDAR  data  points  occur  i 

LDAR  Storm* velocity  Components  CX^  CY  --  speed  of ^LDAR^storm^movement^in 

Se  east-west  (P°aitiv"  leis?-squares  fit  of  all  storm 

t-oward  N)  directions,  based  upon  a 

centroid  positions  during^he  hour^  betl,ee„  first  and  last 
/ia\  t n&R  storm  Duration  — numoer  u 
( * appearance  of  the  LDAR  storm;  te8  during  which  an  LDAR  storm 

fill  LDAR  Storm  Minutes  numbe  natinq  "inactive"  minutes); 

(11)  produced  LDAR  events  (i-e.,  ^na^gob^ined  by  identifying  LDAR 

|12>  ^cubes^elow'a*1  threshold7 8 9 altitude,  determined  empirically,  as 

in  Section  3.3.  , tc^q 

. 4-wai-  occurred  between  1500  and  1559 
£ TnAR  gtorm  tracks  that  occurreu  storm 

Fiaure  2— 4 shows  a map  maTM.  was  produced  after  pass  ^ tdar 

utc  on  29  June  1993.  This  map  P are  discarded  during  pass  2. 

stimmo^miSt  “"d^t/S 'somewhat  wabbly , tort  an  °Vother  1%,*^”- 

dS.tion  ”he  wobbly  character  of  LDAR  storm  movement 


(6) 


(7) 

(8) 

(9) 
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horizontal  lightning  flashes  into  new  sections  of  c loud,  causing  abrupt  lateral 
shifts  in  the  LDAR  storm  centroid  from  one  minute  to  the  next. 

Figure  2-5  shows  time  series  of  the  x,  y,  and  z centroid  values  as  a func tion  of 
time  for  storm  4 of  Fig.  2-4.  Dotted  lines  depict  values  one  standard  deviatio 
above  and  below  the  mean,  giving  a measure  of  storm  width  in  east  west  ^nd  n 
south  directions  and  storm  depth.  Considerable  growth  is  shown  in  all  dimensions 
prior  to  the  period  of  most  frequent  ground  strikes. 

Figure  2-6  shows  the  time  variations  of  three  other  LDAR-derived  ^ 

relation  to  ground  strikes:  LDAR  storm  events,  LDAR  storm  volume,  and  LDAR  storm 

area.  These  are  again  for  storm  4 of  Figs.  2-4  and  2-5. 

Tn  Sia  case  with  number  o If  ground  strikes  per  minute,  with  the  peaks  in  ground 
v^iations6  ^suu'h  more^uppr^^^i  ^ha^the  othe^p^am^era  fand  have 

I“iIL  Ss  swss-i-^5 

vertical  dimension  of  about  0-25  km- 
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Figure  2-4. 
180,  29  June 


S3?£af?“  ££?  pltfof  SS  s?SmbIdeS?S?ca”o»USheLd  * 


centroid  positions,  for 
per  minute  also  shown. 
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- T>DAR-der i ved  storm  parameters  in  relation  to 

sr5^--SLrr£S.i^ss£.^s. *— 

For  storm  4 of  Figs*  2 4 and  2 5. 


Figure  2-7.  Tin*  eerie,  of  three  .^itiunad 

SJS* iSrS°,S!  gsee"textrfor  explanations . For  storm  . of  Figs.  2-4  to  2-6. 


HI.  IHTERCOMPARISON  OF  LDMt  RUB  LLP  DATR 


3.1  LDAR  **EAD  TIME  ..  conduct  phase  3 of  the 

Time  ran  out  in  ^Tr^ct^ 

storm  cla^si£'Lff  ^consistently  from  one  hourly  file  tDAR  lead  time  used  only  a 
renumbered  storm  not  compieted,  studies  were  used,  from  days  when 

phase  of  the  pr°iectwa  o FEight  hourly  files  were  e t g within  the 

subset  of  the  tota£, Contained  the  initial.  fomation  °f  storm  lead 

these  hours  assuredly  contain^  red  during  these  hours,  t d strike 

S!S5s“ 

storms  in  these  files ’.^liMt  minute  of  the  hour,  though  and  n £ro„ 
manner  will  be  *«■  o5er  first  ““  «“f”  "^specSon  of  the  evo- 

represent  newly  formed  domain.  A qualitativ  P freqUent  during 

isting  storms  that  moved  into  tne  d gtrikes  were  more  i 4 stages. 

iSSn  of  selected  storms WS'™?  £ the  initial  ^"“.re  elrted  t.  reveal  a 

sirss 

sgKiasrs but 

3.2  pe—  or  tine  * sTOhdd  ~ — ^ ^ Foarty- 

LDAR-defined  storms  were  comp^O  io  ground.strr  es^r  groand  strikes,  some 

S.-SS  hi-  9round  3trl 

3.3  bb»  DETECTION  OP  OROOHO  STRIKES  tial  indicators 

, . n , 2 and  3 km  were  considered  a p these  cubes  are  at 

X.DAR  cubes  centered  a ' ' ' The  highest  LDAR  even  tiveiy.  Table  3-1 

of  lightning  ground  s^r£.  Q 5 j.,5,  2.5,  and  3.5  tan,  re  p le  *sing  various 

altitudes  slightly  less  column-minutes  present  in  t P cube  in 

Shows  the  number  of  is  defined  as  a „„ute  when  any^  ^ ^ 

height  thresholds.  a “ tioMi  area  *“tnts  “e detected  below  0.5  km. 

the  column  of  1 tan  cross  ldAR  data  points  are 

tude  below  the  threshold,  very 


i uiiMHEH  OF  COLUMN  MINUTES 


.-.—  I Rimn  MinilteS 


1.5  km 

2.5  km 

3.5  Ion 


494 

2840 

7801 


if  it  is  assumed  nha^ : a grounc 

minute,  the  numbers  m Table3  ba8e.  To  match  the  number  of  gr 
strikes  using  ^““p^^t^th.n  bOAR  data  was . available . ^f,62 

threshold Ualtitud^  for^EDkR  data  is  determined  by  interpolate 
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LLP  ground  strikes  and  LDAR-estimated  ground  strikes,  using  a threshold  of  2.5 
km  for  LDAR  columns,  were  also  intercompared  on  an  LDAR  storm  basis.  Both  LLP 
and  LDAR  systems  showed  ground  strikes  associated  with  the  storms  during  798 
minutes.  Both  LLP  and  LDAR  systems  showed  that  ground  strikes i were from 
storms  during  1174  minutes.  There  were  309  storm-minutes  when  the  LLP  system 
indicated  ground  strikes  were  present  and  LDAR  did  not.  TJ’e5'®  w®f®  * 

minutes  when  LDAR  indicated  ground  strikes  were  present  and  LLP  did  not. 

case  studies  (and  past  studies  of  LDAR  detection  efficiency)  su?9«t  that  the 
efficiency  of  detection  of  near-ground  strikes  may  decrease  with  increasing 
distance  from  the  LDAR  central  site.  Thus,  it  would  probably  be  most  accurate 
to  determine  a threshold  altitude  that  was  a function  of  distance  from  the  LDAR 
central  site. 


3.4  LOCATION  OF  GROUND  STRIKES  RELATIVE  TO  LDAR  STORMS 

Positions  of  ground  strikes  detected  by  LLP  and  LDAR  systems  were  composited  with 
resDect  to  the  LDAR  storm  centers.  This  was  done  in  three  ways.  One  compositing 
method  counted  the  number  of  ground  strikes  in  one-kiloiweter  distance  ^ements 
with  respect  to  the  LDAR  storm  center.  The  mean  distance  to  the  LDAR  storm  e g 
was  computed  along  a radial  from  the  LDAR  storm  centroid  through  the  ground 
strike  location.  The  drawback  to  this  method  is  that  individual  storm  widths 
varied  greatly,  making  it  difficult  to  determine  the  percentage  of  ground  strikes 
which  occurred  within  the  LDAR  storm  boundary.  Ground  strikes  were  al 
posited  by  distance  east /west  and  north/south  of  the  LDAR  storm  center. 

A second,  "fractional"  compositing  method  involved  computing  the  distance  to  the 
around  strike  location  and  the  distance  to  the  LDAR  storm  edge  along  the  radial 
between  the  LDAR  storm  center  and  the  ground  strike  location.  The  ground 
locations  inside  the  LDAR  storm  boundary  were  composited  by 
to  the  storm  edge,  in  categories  0 to  10.  Category  0 included  groun 
from  the  LDAR  storm  center  outward  to  a distance  less  than  5%  of  th. e y t th 

storm  edge.  Category  10  included  ground  strikes  at  a dirta^  95%  of  tne 
distance  to  the  storm  edge  outward  to  5%  beyond  the  storm  edge  (or  to  3 us t less 
than  0.5  km  beyond  storm  edge,  whichever  was  greater).  Category  5 for ^ examp 1^ 
included  ground  strikes  from  45%  to  gust  less  than  55%  of  the  distance  to  tne 
storm  edge . Ground  strikes  were  also  composited  by  fractional  distan<r® . SVldar 
and  north/south  of  LDAR  storm  center.  When  ground  strikes  were  outs  . 

storm  edge  in  this  second  method,  they  were  composited  in  one *> k£c c ™ 
crements  as  in  method  1.  Category  11  included  ground  strikes  0.5  to  gust  |® 
than  1.5  km  beyond  LDAR  storm  edge  and  category  20  representing  ground  stnk 

9.5  km  or  more  LDAR  beyond  storm  edge. 

A third  compositing  method  was  used  with  moving  LDAR  storms.  Here  it  was 
anticipated  that  there  might  be  a preference  for  ground  strikes  in  the quadran 
toward  which  the  LDAR  storm  was  moving,  for  example.  Thus , thethirdcomp /riaht 
method  used  a storm-relative  frame  of  reference:  forward/rear  and 

with  respect  to  storm  movement.  Left  and  right  orientations  are  determined  by 
looking  from  behind  the  LDAR  storm  toward  the  direction  it 

strikes  were  then  composited  by  distances  and  by  fractional  Prions 
forward/rear  and  left /right  of  the  LDAR  storm  center  with  respect  to  the  storm 
movement  vector. 

Figure  3-1  shows  the  locations  of  ground  strikes  relative  to  the  LDAR  storm 
during  the  same  minute  period.  This  diplay  is  based  upon  the  second  comP°^£ing 
method  above;  i.e.,  by  fractional  distance  to  the  LDAR  storm  edge,  which  is 
located  at  category  position  10  along  the  x axis.  Figure  3-la  depicts  ground 
strikes  detected  using  the  LLP  system;  Figure  3-lb  depicts  LDAR  g5°u£d  s^o£nd 
in  terms  of  LDAR  columns  below  2.5  km.  Eighty-five  percent  of  the  LLP  ground 
strikes  occur  within  the  boundaries  of  the  LDAR  storm,  and  98%  occur  eith 
inside  or  within  2km  beyond  the  edge  of  the  LDAR  storm.  By  definition,. 100%  of 
the  LDAR-deduced  ground  strikes  occur  within  the  boundaries  of  the  LDAR  storm. 
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care  must  be  taken  in  interpreting  Fig^  3-1^  ^he^act^onal 

ring_increasesewith°distance  from  the  S'  s^om^nfiris 

sented  by  small-numbered  fractional  ca  ®g  d b expected  to  occur  there, 

small,  aid  a small  percentage of  :he  events  would  be^  P^  repre sent  the  per- 

For  this  reason,  also  shown  ,g.’  ..  fractional  categories  if  ground  strikes 

centage  of  ground  strikes  expected  in  the  fraction  area)  within  the  LDAR 

were  distributed  in  equal  concen  r ^ tbe  dots,  then,  indicate  observed 

grol^d^trike  c^Vcer^r^^^s^greater^than^^^^  - draphed^pi^rcen^a^^  can 

4 «“““  ^ 

Strike” concentrations  than  the  outer  portion. 

Fiqure  3-2  shoes  the  locations  of  ground  strike^relative^to^the  ^'^n/south 
positions16  ^^in^thejd^a^^^res^n^ex^^tsd^peroenkages^^if^^grou^d^^^rik^ 

sstiss  s 

Figure  3-3  shows  the  locations  of  «?£•£££? ‘iron,  the  SS  ll =rm 

£SS  ^in’g^oTitin^^th'od  i,.  Here -the  tendency  for  ground  strikes 
the  LDAR  storm  center  shows  up  very  strongly. 

3.5  SUBSEQUENT  GROUND  STRIKES  RELATIVE  TO  CURREHT  UWUl  STORM 

weather  forecasters  must  issue  lightning  ^““il“gW^”e.9r^u.T4^°  ^d 

sfss  ’ssLrs-b?/? a t “9 

posiet“nin%uchh  iwerc^aruon.  have  been  don,  with  time  -lags-  of  1.  . , • 

15  and  20  minutes* 

in  performing  these  compositings,  it  was  ' was* llso  recognized 

different  for  quasi-stationary  storms  and ? tive  frame  of  reference  would 
that  in  the  case  of  moving  storms  a stor  h comp0siting  method  3 of 

probably  be  most  appropriate.  In  the  1‘t^approach^  J?  so  that  the  ground 
section  3.4,  the  movement  of  the  LD  thar  storm  displaced  to  its  future 

strike  was  composited  with  reaP®c^  ° The  LDAR  3torm  was  presumed  to  remain 

location  at  the  time  of  the  ground  strik  • actuality,  the  LDAR  storm-relative 

the  same  size  and  shape  during  the  per  • displacing  the  ground  strike 

position  of  the  ground  »■ w*s.  ‘ Movement  vector  of  the  MAR  storm  and 
ftSfSg-  fgrouid  sSike  time  minus  current  hbAR  storm  display  . 

Table  3-2  shows  the  results  of  the  ^^efe^ce' t^thl'iS? ' discussion’  time 
strikes  with  respect  to  LDAR  storms.  For  re  , to  LDAR  storm  within 

0 is  shown,  representing  intercomparison  g ^ Storms"  represent  an  inte^" 

the  same  minute.  The  columns  presumed  to  remain  at  their  current 

comparison  of  all  storms,  an  ® a gizes.  in  the  columns  affiliate  , 

positions  in  their  current  shapes .and  sizes  could  be  computed  and  with 

"Quasi-stationary”  storms,  only  stonns  who  P in  both  the  east/west 

speed  of  movement  components  less  than  2.5  lets  ( / ^ of  "All  Storms", 

and  north /south  directions  have  been  co of  the  LDhB .storm, 
compositing  has  been  done  with  “ ^ ti^To , decreasing  to  324  by  time 

There  were  435  storm  minutes  of  -nn  hnnrlv  files).  In  the  columns  affiliated 
“ 0 minutes  ,an  artifact : of  only ’Ming  hourly  files ^ 

with  "Moving”  storms,  only  LDAR  storms  ha  g pwere  comp0sited.  The  setting  of 
£9u£r  5fii  Sfoided^sfo™  where  (he  computed  LDAR  storm  velocity  was 


184 


Figure  3-1.  Locations  of  ground  .tribe.  L?S™  Inti'** 

fraotional^sitionsaaat/west^nd^^^^  fc_  ^-derived  ground 

SiSS?  ;»in9  LD^  dit.  cu?e»  below  tat. 


mites  at  time  0,  d© 

. . The«  were  2, S3  W storm-relative 

probably  spurious-  T™"  20  minutes.  compositing 

creasing  to  ISS3*V  £<jr  .„oving-  storms.  percentages 

rJLTL  table  - -SS 

tended  to  be  short  live 

._  annmin  STRIKES 


3-2  COMPOSITING  OF  [^^ro^BOUNDARlES , 

IH  PERCEHT 

BX  CATEGORIES  OF  __  MOVI~~ 

time 


all  STORMS 

in  <1  <2 


OUASI-STAT . 

in  <1  <2 


moving 
in  <1  <2 


„in«  means  inside  IDAR  ^°^°gtonn  edge 

B°te*!<l  mean^within  1 £ ££*  3£  *«•  -«• 

<2  means  within  2 kw  u jr 


■ Table  3-2  seem  to  »«' 

The  values  in  t.  Percentages  u reality,  more  than  d strikes 

to  LDAR  storm  mo'  ldar  storm  while^i  entage  of  future  g ^ minutes. 

initial  P°si-t;LOpnartly  for  this  reason,  tb®^^  decreases  to  2 0*  Y_  2Q  minutes, 
ygj-0  jjiovin^  • * . -«+■  T.nAR  storm  P , , _ vr*oTvt*.sQ6  rs  3 _ i WounnC 


u _ 0f  tne  r-uiut  ~ , percem-ayc  — ,0%  by  20  

.nitial  P°si-t;LOpnartlv  for  this  reason,  “•t\on  decreases  to  2 0*  Y_  2Q  minutes, 
jgr6  moving  • rtnrrent  ldar  stor  p +*vi^  Dsrcsntag®  i®  , . « vr-m  t>0vond 

'ailing  3 trikes  within  1 km  “Jund 

oST  r^e^^auer  tor  gronn,  strike 

r£»SS  e/ge.  _ o note  that  _ thanrJtbi 

one  way  to  summarize  J^^dariee  of  ^J^^^bJ^^the  b°und^e^f' 

Harifkeof  °theU  ground  guasi-stationary  storm  , 

£S“ the  eristing  storm. 

development  of  new 


187 


I 


The  data  base  can  be  used  to  determine  if  future  ground  strikes  occur  preferenti 
allv  on  one  flank  of  the  the  LDAR  storm.  Figure  3-4  shows  the  composite  loca- 

SX.  of  ground  strikes  after  10  minutes  £££ 

/Trio  i-iiai  and  with  respect  to  moving  storms  in  a storm-relative  rrame  or  rei 
encf * ( Fig!  3 -4b ) ThereP is  a slight  Jreference  for  future  ground  strikes  on  the 

sSSth  aid  elst  flanks  of  the  current  quasi-stationary  LDAR  storms.  There  is  a 
slight  ireflience  for  future  ground  strikes  on  the  rear  flank  of  moving  LDAR 
stoLs.P  in  the  mean  the  rear  flank  was  the  west-southwest  flank  m this  study, 
though  there  was  much  variation  in  direction  of  storm  movement. 


3.6  PROBABILITY  OF  GROUND  STRIKES  MORE  THAN  5 NAUTICAL  MILES  BEYOND  LDAR  STORM 
EDGE 

Weather  forecasters  must  issue  lightning  advisories  when  lightning  ^ anticipated 

boundar ie s?  liabilities  for  "All  Storms"  and  "Quasi-stationary"  storms  are 
with  respect  to  the  current  positions  of  the  LDAR  storm  boundaries. 


TABLE  3-3.  PROBABILITY  OF  GROUND  STRIKES 
MORE  THAN  5 N.MI.  BEYOND  EDGE  OF  LDAR  STORM 


time  all  storms 


QUASI— STAT  . 


MOVING 


0 

1 

3 

5 

10 

15 

20 


0.5% 

3.0 

2.6 

3.4 

7.5 
14.8 
30.0 


0.0% 

2.5 
2.3 
4.0 

8.5 
7.9 

16.1 


0.4% 

2.7 
2.5 

3.7 
7.3 

15.5 

30.8 


»?  ?£•  ‘ ”iU fsi 

sirs! 

minute  and  not  more  than  0.5%  after  20  minutes.  Depending  upon  what : risk  « 
acceptable,  forecasters  can  probably  make  effective  use  of  the  current  LDAR  storm 
boundary  (and  not  need  to  add  an  extra  margin  beyond  it)  in  issuing  advisories 
for  lightning  within  a 5 n.mi.  radius  of  warning  sites. 


3.7  CESSATION  OF  LDAR  ACTIVITY  AND  END  OF  GROUND  STRIKE  THREAT 

weather  forecasters  must  issue  statements  indicating  that  the  threat  of  ground 
”tii£es  has  leased  f one  potential  tool  in  this  task  is  the  disappearance  of  the 
LDAR  storm.  However,  some  LDAR  storms  are  intermittent— especially  in  their  late 
staqes—and  may  reappear  after  being  inactive  for  a few  minutes.  Do  these  storms 
sSll  pote  a ground  strike  threat?  Table  3-4  indicates  the  probability  of  an 
LDAR  storm  still  yielding  a ground  strike  after  being  inactive  (producing  no  LDAR 
events)  for  the  indicated  number  of  minutes. 
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O'  B> 


. i relative  to  current 

iqure  3-4.  Locations  of  ground  “ “?/««  and  north/south. 

•rS^sSS  SSVSSU  in  storm-relative  coordrn.te. . 
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TABLE  3.4 


PROBABILITY  OF  AN  LDAR  STORM  THAT  HAS  BEEN 
YIELDING  A FUTURE  GROUND  STRIKE, 

AS  A FUNCTION  OF  THE  PERIOD  OF  INACTIVITY 


INACTIVE 


INACTIVE  PERIOD  PROBABILITY 


1 min  46% 

> 1 22 

>2  13 

> 3 7 

>4  5 

* S 3 


3.8 


DIFFERENCES  BETWEEN  STORMS  THAT  PRODUCE  GROUND  STRIKES  AND  THOSE  THAT 

never  produce  ground  strikes 


LDAR  storms  that  never  P?**”®** //or™!  e^s^^only d27%°of  the&LDAR  storms  which 
percent  had  duration  of  5 min  “t-hat  brief  Many  (55%)  of  the  LDAR 

produced  LLP  ground  -J^nd^trikSs  we£e  Vminute  events,  representing  odd 

storms  which  never  produced  ground  strikes  affected.  This  caused  an  apprec- 

discharge  patterns  into  areas  not  ^tom  centroid  and  caused  the  objective  storm 

^siSclSn  sch^une^o^  ta!i<fger  *a  £5ftt£ 

centr^<?^^urned\otnear><itsCp^ev1^o'^  location,  and  the  previous  storm  identifi- 
cation number  was  resumed. 

only  10%  of  the  LDRR  storms  having  1 °^-£nute 

LLP  ground  strikes.  Only  6%  of  they  contained  less  than  100  LDAR 

were  associated  with  LLP  ground  st: rikes  if  they  ^ is 

events  per  minute.  _ From  a ensitv  LDAR9 activity  that  extend  beyond  the 

dS  "not  normally  pose  a ground  strike  threat. 

Th.  maximum  number  of  LDAR  events  is  less  in 

S^LDAR^ventt^per  min^e^^nly  ^r^^^h^L^M^torxm 

LD»Rhevents  per  minute  at  some  point  during  their  existence. 


3.9  EDRR  STORM  DIFFERENCES  DURING  MINUTES  WITH  UNO  WITHOUT  GROUND  STRIKES 

i _ a.  Ani  v 414  i-v-f  th©  LDAR  storm  minutes  a.r© 

It  was  indicated  previously  that  TnAT?  otorm  character  different  during 

associated  with  LLP  ground  strikes . s ® . Qf  wording,  LDAR  storm  minutes 

minutes  with  LLP  ground  strikes?  For  brevity of oral £g,  i ^ ^ minutes"; 
SS1® as  "non-LLP  minutes". 

S5  dS*.  and  “7  f «”no““  p'^te^y  ‘of^ursT,  ^“o f ' ‘thee’e'S^enS 
could  be  produced  by  the  ground  strike  itself. 

extending  the  storm  volume  downward  to  the  surface.  However,  this  hypothesis  is 
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as SJSured  by  standard  deviation  ^ L“  and  “J-LLP  minutes,  respectively. 

median  values  were  4.15  versus: !.«  “ ' be  repealed  here. 

some  downward  -tension  of  »»  y ^ ^ „lues  „ere 

LLP  minutes  had  larger  tDLR  storm  . 

80  km2  for  LLP  minutes  and  36  Jon  r or 

events  per  km2,  respectively. 

. ,.  ,„-™. ..  ■■  — ■*“  *” 

5JSS  s .T.VE.S-S;  ™2r 

parameters  examined  were:  (1)  NLDAR,  LDAR  storm  area;  (4)  VOLDENS, 

parameters  LDAR  storm  volume;  (3)  AREA,  ^uak.  7mfan  LDAR  storm 

»f£=S®S» 

Sfof  ' t^LD^data  occurs  within  the  LDAR  storm.  ^ 

&s u£  sessss 

in  the  correlation  studies,  ZSD,  a measure  ^“‘otae  'had  the  highest 

SSSSS  for  the°other  & 

f“LeThsthrthhtrhpn£t 

SSfuSS.  fVs’Le^ime 2?  a'nTlarS; 

“£  SfXJrttS:  that^roduced  LLP  ground  strife  were  considered, 
unfortunately,  the  correlations  in  Table  3'\ “"^^^xceptionw"'  for’  lag  time 

^b?«“f°“c“.ing  Ss  highest  correlation  for  lag  time  of  zero. 

It  must  also  be  noted  that  even  the  mar” storm^depth  from 

*,o“  .;*ter  is  0 5,2  This  means . that ^ in  ntmber  of  LLP  ground 

minute  to  minute  would  explain  only  35%  ot  tne 
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, 5 CORRELATION  BETWEEN  LDAR— DERIVED  STORM  ^A^”fTERS 

AND  LLP  GROUND  STRIKE  RATE,  AS  A ' ^TMKE 

ncruccN  T.nftR  PARAMETER  AND  LLP  GROUND  STRI 


LAG 

RANK  1 

RANK  2 

RANK  3 

RANK  4 

RANK  5 

0 

ZSD 

0.592 

VOL 

0.579 

AREA 

0.542 

NLDAR 

0.521 

ZMEAN 

0.495 

1 

VOL 

0.492 

ZSD 

0.492 

NLDAR 

0.457 

area 

0.441 

ZMEAN 

0.422 

2 

ZSD 

0.497 

VOL 

0.486 

NLDAR 

0.460 

AREA 

0.441 

ZMEAN 

0.439 

3 

ZSD 

0.478 

VOL 

0.466 

NLDAR 

0.446 

ZMEAN 

0.433 

AREA 

0.424 

4 

ZSD 

0.450 

VOL 

0.433 

ZMEAN 

0.415 

NLDAR 

0.414 

AREA 

0.396 

5 

VOL 

0.433 

ZSD 

0.429 

NLDAR 

0.422 

ZMEAN 

0.402 

area 

0.392 

6 

ZSD 

0.396 

NLDAR 

0.384 

VOL 

0.383 

ZMEAN 

0.377 

Z 95 
0.359 

7 

ZSD 

0.376 

ZMEAN 

0.361 

Z95 

0.345 

VOL 

0.344 

NLDAR 

0.344 

8 

ZSD 

0.355 

NLDAR 

0.348 

VOL 

0.347 

ZMEAN 

0.340 

Z95 
0 . 325 

9 

ZSD 

0.337 

NLDAR 

0.323 

VOL 

0.321 

ZMEAN 

0.315 

Z95 

0.303 

10 

ZSD 

0.300 

ZMEAN 

0.291 

Z95 

0.278 

NLDAR 

0.265 

VOL 

0.259 

NOTE: 


LAG  is  LLP  ground  strike  time  minus  LDAR  storm 
parameter  time,  in  minutes 


strikes  per  minute  using  a regr®sst10^igP^Q°^hbe  a^oocTstart  Pif  additional 
multiple  linear  regression  shows  that  ^jJted . If  the  temporal  varia- 
LDAR  storm  parameters  were  not  hig  y DOoriv  correlated  to  ZSD  variations, 
tions  of  other  LDAR  storm  parameter  . P in  a multiple  regression  equation 
then  they  would  make  additional  contri  ground  strikes  per  minute 

"further  P^uit  of  this  topic. 
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IV.  CONCLUDING  REMARKS 

. 4-  konin  a process  that  may  help 

The  ultimate  goal  of  this  study  has  d°  ™ timely  lightning  advisories . 

* be  useful  t,  the  forecasters. 

, oDerational  weather  forecasters 

~ " to  th°se  ques  "3  “ 

reviewed  here • j 

„„  t . the  lead  time  between  the  first  detection  of  I.D«  event,  and  grou^ 

— - <section 

^^tern^f  ^discharges  °d*tectedJby<SS^^:e^^g^^^^^^l^^^:^^^^"aand^^%^c^ur 

trikes  occur  within  the  boundaries  of  the  LDAR  det^  ^ thenu  The  highest 

- center  of  the  bbhK  storm  .s.ctron 

can^  future  pos ^ ^°U^he9percentage3of  ^gro^d  ”^tb^n  the 

III1  ceaS.e°ofU ^f-staUonary  sLms^or  ^“rSnutK^r^ ng  storms  and 

XX/iO^inut^^  esstllMks  oTquasi-stationag 

fsSS  ErZ"S?Z?££££Z«>  flash  of  moving  storms  in  this  study 

(Sections  3.5,  3.6).  . i-he 

Are  there  signatures  in  the  LDAR  data  ^s^lSr  sST they  often 

threat  of  ground  strikes  has  ended?  In  fatter  stg  the  LDAR  display. 

o^^^%£Ic^^b^estorms  ^ave^future^grou^^  J:he]^Jiave^ji^sappear^d  for 

^ -*  been  quant  d 

are  there  signatures  in  the  LDAR  data  “at  reveal ^o;^,i\t°™\KP«tivitr?h2t 
strikes  and  which  do  not?  Sudder‘  large  bur.  dQ  „ot  normally  p°se  a ground 

strike  ££"2,“?  number  of  *»£?£-  ^“/^SVtrSe. 

^rese’arch  is  needed  before 

these  parameters  can  be  used  reliab  y. 

LDAR  shows  great  promise  as  a tool  for  ^^YllyHwhe^the  ^ u^data^is  used  in 

thunderston^electrificat ion  processes^  “^^ind  profiler  network  data 

tha^can^v^al^l^l^ation^of 'converges^  zonej^^These^  convergence  ^rones.wh^^ 

preferred^ "flanks  tpon^wh^h  new  *£**£g^  ?SlTS  -Sj 

where  future  ground  strikes  may  be  conc  system  and  neural  network  studies  of 

St,StS„rg1predr=^Lynbs“S"to  assLila/e  the  various  types  of  information. 
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ABSTRACT 


The  cost  of  premises  wiring  keeps  increasing  from^Lworksmtions  to 

capacity  upgrades  etc.  It  would  be  esira  e to  avea^  needed  New  technologies  such  as 
the  fixed  network,  so  as  to  mimm.ze  the  wiring  the  cost  of  wireless 

microcellular  personal  communication  systems  ar  P Mulfipie  Access  (CDMA),  which 

communication.  Another  promising  ec  n0  8Y  wireless  connections.  In  addition, 

could  dramatically  f^ie  " for 

Asynchronous  Transfer  Mode  (ATM)  gy  . Th  f s 0f  this  investigation 

- - ■ — — 

progress  in  technological  capability. 
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SUMMARY 


New  technologies  such  as  personal  communication  systems  (PCS)  and  asynchronous 
transfer  mode  (ATM)  hold  the  promise  to  usher  in  a new  era  of  mobile  multimedia 
communication.  This  could  have  significant  impact  at  KSC  in  operations  and  in  premise  wiring 
cost  Switching  networks  have  evolved  from  circuit  switching  to  TDMA  to  packet  switching. 
ATM  is  the  next  step  in  the  evolution  of  switching  systems,  with  the  promise  of  carrying 
multimedia  service  on  a single  network.  Cellular  communication  service  is  evolving  from  an 
analog  FM  system  to  a digital  system  based  on  TDMA.  CDMA  technology  has  also  been 
proposed  as  an  alternative  for  digital  cellular.  At  present,  the  cellular  business  is  driven  by  the 
voice  market  But  the  lessons  learned  from  the  switching  business  indicate  that  cellular  networks 
will  evolve  toward  packet  based  technology  e g.  ALOHA,  for  adapting  to  multimedia  service 
based  on  ATM  backbone  network.  The  technology  for  building  a multimedia  terminal  is  already 
here  The  challenge  for  industry  is  to  design  and  standardize  a packet  based  cellular  network  that 
can  act  as  a wireless  front  end  to  the  backbone  ATM  network.  This  may  take  about  8 years  yet. 
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I.  INTRODUCTION 


The  cost  of  premises  wiring  keeps  increasing  due  to  personnel  moves,  new  equipment, 
capacity  upgrades  etc.  It  would  be  desirable  to  have  a wireless  interface  from  the  workstations  to 
the  fixed  network,  so  as  to  minimize  the  wiring  changes  needed.  New  technologies  such  as 
microcellular  personal  communication  systems  are  promising  to  bring  down  the  cost  of  wireless 
communication.  Another  promising  technology  is  Code  Division  Multiple  Access  (CDMA),  which 
could  dramatically  increase  the  bandwidth  available  for  wireless  connections.  In  addition, 
Asynchronous  Transfer  Mode  (ATM)  technology  is  emerging  as  a technique  for  integrated 
management  of  voice,  data  and  video  traffic  on  a single  network.  The  focus  of  this  investigation 
will  be  to  assess  the  future  utility  of  these  new  technologies  for  reducing  the  premise  wiring  cost 
at  KSC.  One  of  the  issues  to  be  studied  is  the  cost  comparison  of  old  versus  new  , especially 
as  time  and  technology  progress.  An  additional  issue  for  closer  study  is  a feasible  time-line  for 
progress  in  technological  capability. 


In  Section  1 we  will  outline  the  motivation  for  study  of  mobile  multimedia  technology  at 
KSC.  In  Section  2 we  will  outline  the  current  status,  issues  and  trends  in  PCS  and  ATM 
technologies,  especially  as  they  relate  to  scenarios  for  development  of  mobile  multimedia 
technology.  Section  3 will  assess  the  technological  options  of  Sec.  2 against  the  requirements 
posed  by  the  applications  in  Sec.  1.  A reader  wishing  to  get  an  overview  without  too  much  detail 
may  wish  to  skip  Sec.  2 and  proceed  directly  to  Sec.  3.  Final  conclusions  are  presented  m Sec.  4 

1 . 1 THE  PROMISE  OF  PCS  TECHNOLOGY 

Personal  communication  system  (PCS)  technology  is  a predicted  outgrowth  of  current 
generation  cellular  communication  systems.  In  the  1970s,  mobile  telephone  service  was  expensive 
and  available  to  the  rare  few.  By  the  mid  80s,  cellular  technology  made  it  possible  to  expand 
service  to  a large  number  of  users  in  automobiles.  By  1990,  personal  communications  were 
emerging  in  the  form  of  lightweight  mobile  telephones  that  could  be  used  by  automobile 
passengers  as  well  as  pedestrians.  Yet,  further  improvements  in  mobile  communications  are 
needed  Present  technology  is  mainly  geared  for  voice  communications.  There  is  a need  to 
develop  data  and  fax  services  in  the  near  future,  and  video  services  further  down  the  road 
Another  critical  issue  is  improving  the  management  of  bandwidth  in  order  to  allow  closer  to  a 
universal  service  penetration.  These  issues  are  under  active  investigation  [1],  Indoor  mobile 
communication  needs  further  development,  in  order  to  allow  tether-less  access  in  the  home  an 

office  environments. 

When  fully  developed,  PCS  technology  promises  to  deliver  an  array  of  communication 
services  to  a portable  hand-held  unit  at  any  desired  location.  Fig.  1 summarizes  some  of  the 
features  of  future  PCS  technology.  Visions  of  Dick  Tracy  and  Star  Trek  will  be  fully  realized.  The 
PCS  terminal  will  be  lightweight,  operable  indoors  and  outdoors,  so  the  same  terminal  will  allow 
completely  tetherless  and  mobile  access  to  the  network  from  home,  office,  automobile,  or  even 
out  of  town  Global  roaming  will  allow  the  same  terminal  to  be  usable  anywhere.  Just  imagine, 
your  teenage  daughter  can  start  talking  with  her  friend  as  soon  as  she  wakes  up,  and  need  not 
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hang  up  until  she  is  ready  to  go  to  bed  at  night.  Custom  network  services  will  be  delivered  on  the 
basis  of  user  identity  not  terminal  identity  or  location.  This  means  custom  services  such  as  speed 
diaL “ dheclory,  call  screening,  billing  authorizations,  etc.,  will  travel  wrth  you  when  you 
eo  to8’a  different  city  Each  person  will  have  only  one  telephone  number,  whether  they  are  at 
home  office  1 Automobile,  hotel  or  fishing.  The  future  PCS  terminal  will  be  more  than  just  a voice 
telenhone  It  will  offer  voice,  video,  and  data  services  all  in  a single  terminal.  This  means  that  in 
addition  to  talking  you  can  use  the  PCS  terminal  for  accessing  your  computer,  or  for  that  matter, 

receive  fax  and  e-mail  messages,  make  vrdeo  phone  calls,  and  access 

video  libraries.  This  issue  is  further  discussed  in  the  next  subsection. 

1 .2  THE  PROMISE  OF  ATM  TECHNOLOGY 

Asynchronous  transfer  mode  (ATM)  technology  is  a packet  switching  technology.  The 
DurDose  of  all  switching  techniques  is  to  route  data  streams  to  specified  network  addresses  ln 
Sll  chcuit  switching,  eg  in  the  telephone  network,  addres,  ,.  ethe  d^ed ** 
e . to  un  a dedicated  wireline  connection  for  that  particular  call.  The  message,  i.e. 
used  to  set  up  a ded  , j Hne  connection.  In  packet  switching,  the  message 

voice. 

ATM  technology  [2]  [3],  has  been  proposed  as  the  technology  of  choice  for  mixed  data 
AIM  tecnnoiogy  i J-t  j>  f f *TM  technology  ATM  is  a packet  switching 

13  KSC  APPLICATIONS  POTENTIAL 

Let  us  consider  the  potential  impact  of  combining  PCS  and  ATM  technologies  As  we 
, h/we  PCS  technology  is  targeted  for  universal  access  to  mobile  communications,  and 

multimedia  communications  will  make  possible  mnsidered  ("See  Fig  3) 

conceived.  Some  of  the  ways  this  could  impact  operations  at  KSC  are  considered  (S  g 


One  possible  application  is  described  by  the  title  of  the  project.  The  possibility  of  universal 
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wireless  access  to  a switched  ATM  network  will  allow  the  deployment  of  tetherless  multimedia 
workstations.  In  particular,  intercomputer  communication  will  incorporate  a wireless  front  end. 
This  means  that  a particular  workstation  may  be  placed  anywhere,  and  will  receive  the  appropriate 
level  of  bandwidth  service,  regardless  of  location.  Cable  plant  changes  would  not  be  required 
following  personnel  moves.  With  today's  technology,  the  hardwired  cable  network  is  designed  to 
handle  a predicted  pattern  of  bandwidth  demand.  If  the  demand  pattern  changes  following 
personnel  moves,  say  for  example  if  a CAD  engineer  interchanges  office  locations  with  a 
secretary  the  cable  plant  has  to  be  rewired  to  meet  the  new  location  of  high  demand.  At  the  same 
time,  the  bandwidth  resource  previously  deployed  for  a high  demand  location,  will  be  wasted 
when  the  demand  at  that  location  goes  down. 

Availability  of  wireless  multimedia  can  significantly  impact  the  information  flow  required 
for  shuttle  and  payload  operations.  Currently  the  information  is  stored  in  the  form  of  OMI's  on  a 
database  system  such  as  SPDMS.  At  the  site  of  the  operations,  the  information  is  carried  on  paper 
or  by  voice  on  OISD.  The  availability  of  wireless  multimedia,  will  allow  video  instructions  or 
operations,  fast  wireless  scheduling  updates,  and  videoconference  among  operation  personnel  for 
problem  resolution.  With  two-way  wireless  support  for  multimedia .serv.ce, becomes  posrnMe  to 
deliver  rapid  video  verification  of  operation  closeouts,  as  well  as  live  video  monitoring  of  critical 
operations  by  remotely  located  expert  personnel,  e g.  firing  room. 

H.  ATM  AND  PCS  TECHNOLOGY  BACKGROUND 

In  this  section  we  will  review  some  background  material  on  the  development  of  ATM  and 
PCS  technology,  emphasizing  some  key  features  that  will  be  important  in  then  appl.cat.on  to 
mobile  multimedia  technology.  In  the  next  section,  we  will  evaluate  the  various  technological 
options  against  the  criteria  posed  by  the  applications  outlined  in  Sec.  1.  Section  2 may  be  skipped 
by  readers  not  interested  in  many  of  the  details. 

2 1 DEVELOPMENT  BACKGROUND  OF  ATM  TECHNOLOGY 

Traditionally  the  telephone  network  has  been  circuit  switched.  For  our  purpose  what  this 
means  is  that  the  destination  address,  is  first  presented  to  the  network  in  the  form  of  dialed  digits. 
The  network  processes  this  information  in  a centrally  located  intelligence  unit  to  set  upanen- 
to-end  link  between  source  and  destination.  The  message,  i.e.  voice  signal,  is  then  applied  to  tins 
dedicated  link  and  appears  at  the  desired  destination  by  virtue  of  circuit  connectivi  y. 
principle  is  summarized  in  Fig.  4. 

In  addition  to  so-called  space  switching  described  above,  modern  telephone  networks  also 
employ  time-switching.  Time  switching  depends  on  time  division  multiplexing  ( )• 

context  of  the  preceding  discussion,  we  can  visualize  a TDMA  network  as  shown  in  Fig.  5^  Here, 
the  address  is  processed  by  a multiplexor  and  a demultiplexor  located  at  either  end  of  the  link. 
The  multiplexor  takes  a number  of  message  streams  and  places  them  on  the  link  in  time  sequence 
as  dictated  by  the  address.  Thus  the  address  is  translated  into  a fixed  position  in  the  time 
sequence  for  the  corresponding  message  stream  The  important  feature  to  note  is  that  the 
processing  of  the  address  is  now  distributed  between  two  intelligence  units  (multiplexor  and 
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...  j nf  *hp  link  We  see  that  as  technology  progresses,  the  trend  is  away 
trl"in»e  unit  to  a distribution  of  the  .mergence  and  processing  tasks. 

—i ; ■.'s.iriir  ~"2r»t  s 

address  on  it.  The  packet  is  forwarded  from  no  h link  for  forwarding  the 

rxamp,e 

preceding,  whereby  the  intelligence  is  distributed  throughout  the  networ 

The  various  technology,  options  are  thus  - medtods 
communication  link.  At  a more  fondamenta  eve  t physical  deployment  of 

really  demanding.  The  fundamental  access  to  the  links  in  a 

links,  their  bandwidth  capactres,  and  the  » two* mfoU t0  « access  t0  the  link  is 
way  that  is  fair  to  everyone.  In  i trad  tonal  < nrcu f for  link  access  is 

closely  controlled  by  the  network  ‘n'e|hf^«t  f ^ fh7„etwork  On  the  other  hand,  in 

se,  up,  communication  can  proceed  wtth  t0  the  link,  and  a great 

ethernet,  an  example  of  orderly  usage  of  the  link,  and 

**  °f  ‘inkS’  PhySiCa'  aCCMS 

and  intelligence  location  that  we  will  set  our  pro  em. 

It  is  we,  l-known, hat  circuit  swills  ^ 

the  source  generates  bits  at  a steady  rate  ® P typically  produces  long  periods 

efficient  for  bursty  data  such  as  torn  a computer  s^hing  provides  more 

of  idle  punctuated  by “have  a circuit  switched  telephone 
efficient  service  for  bursty  data  > ag  ethernet  and  FDDI  for  computer  generated 

r :lmu^Xthdrwdeo  or  TV  signals  are  carried  over  broadcast  networks  such  as 
network  TV  or  cable  TV. 

The  next  step  in  technology  evolution  comes  froma  desire  to  isgefficiently  carried 

types  of  signal  streams:  data  voice  and  v . W ^ network.  What  type  of  network 

over  circuit  switched  network,  and  d P Th}s  fundamental  problem  arises  because  of  the 

should  be  designed  for  carrying  a mix  different  tYpes  of  traffic.  Data  requires  much  less 

wide  disparity  in  the  bandwidth  demand  of  the  d than  vide0  A circuit  switched 

bandwidth  than  voice,  which  in  turn  t 0f  bandwidth  to  all  users  This  means  all  users 

network,  including  TDMA,  assigns  a fix  hiehest  demand,  leading  to  a great  deal  of 

must  be  assigned  as  much  bandwidth .as  those^ fair  share  of 
wasted  bandwidth  resource.  Circuit  switching  P « g packet  switched  network 

“ » 

2ZZ  XS:.oeu  " th:SCdema„d  users.  Because  of  their  greater  needs,  having 
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once  gained  control  of  the  link,  they  will  retain  control  for  longer  periods  of  time,  thus  effectively 
locking  out  users  with  low  demand. 

In  the  ATM  specification,  the  packet  size  is  fixed  as  a resolution  of  the  above  problem 
Keeping  the  packet  size  relatively  small  forces  the  high  bandwidth  user  to  give  up  the  link  more 
often,  thus  giving  a chance  for  other  users  to  access  it.  At  the  same  time,  too  small  a packet  size 
reduces  efficiency  for  the  high  bandwidth  users,  since  the  overhead  cost  of  the  address  in  the 
packet  is  incurred  more  frequently.  The  ATM  specified  packet  size  of  53  bytes  is  a compromise 
between  the  needs  of  users  with  low  and  high  bandwidth  needs. 


2 2 ISSUES  AND  OPTIONS  IN  MOBILE  COMMUNICATION  TECHNOLOGY 


Cellular  phone  communication  for  automobiles  has  been  available  for  about  a decade.  A 
summary  of  cellular  system  concepts  is  given  in  Fig.  7.  The  cellular  concept  is  to  divide  the 
geographical  service  area  into  circular  regions  called  cells.  All  the  mobile  users  m a particular  cell 
are  serviced  by  a single  base  station  located  in  the  center  of  the  cell.  All  the  base  stations  are 
linked  through  a switched  network.  The  exchange  servicing  the  network  connecting  the  base 
stations  is  called  the  MTSO,  or  mobile  telephone  switching  office.  The  links  from  the  base 
stations  to  the  MTSO  can  be  land  lines  or  high  capacity  point-to-point  dedicated  microwave  links. 
The  MTSO  is  responsible  for  overall  supervision  and  control  of  the  cellular  network 


A fundamental  concept  in  cellular  system  planning  is  the  number  of  channel  sets,  usuaHy  4 
or  7 All  available  channels  are  divided  into  a fixed  number  of  channel  sets.  Each  cell  site  or  base 
station  is  assigned  one  channel  set,  such  that  neighboring  cells  do  not  have  the  same  channel  set. 
An  example  frequency  reuse  plan  with  3 or  4 channel  sets  is  shown  in  Fig.  8.  Since  there  is  only  a 
finite  number  of  channel  sets,  there  will  be  other  cells  in  the  system  using  the  identical  channel  set 
There  is  a fixed  mathematical  relationship  between  the  number  of  channel  sets  and  the  sma  es 
distance  (as  measured  in  terms  of  the  cell  radius)  between  cell  sites  using  the  same  channel  set 
Clearly  the  smaller  the  number  of  channel  sets,  the  shorter  the  distance  before  the  same  channe 
set  wiU  need  to  be  reused.  An  important  capacity  measure  in  a cellular  system  is  the  number  of 
users/cell  per  MHz  of  allocated  bandwidth.  For  example  let  us  consider  a cellular  system  with  24 
MHz  of  bandwidth.  Each  mobile  user  is  assigned  a channel  or  frequency-pair  for  2-way 
communication  with  his  base  station.  Say  the  bandwidth  required  for  analog  FM  voice 
communication  is  30  kHz  in  each  direction,  for  a total  of  60  kHz^  Thus  there  are  a total  °f ^ 
Mhz/60  kHz  = 400  distinct  channels  available.  If  the  number  of  channel  sets  is  7,  then  each  cell 
can  support  57  users.  The  number  of  users/cell/MHz  is  2.4.  If  the  number  of  channel  sets  is 
reduced  to  4,  then  each  cell  may  support  100  users.  Thus,  fewer  channel  sets  lead  to  higher 

service  capacity. 

Due  to  frequency  reuse,  for  a user  assigned  to  a given  channel,  there  are  other  mobiles 
using  the  same  channel,  located  in  other  cells  with  the  same  channel  set.  These  mobiles  will  cause 
interference  with  the  transmission  from  the  user  of  interest.  The  amount  of  interference  is  larger  i 
the  cochannel  users  are  located  closer.  If  this  interference  is  intolerable,  the  separation  distance 
between  cochannel  users  must  be  increased.  The  only  way  this  can  be  done  is  to  increase  the 
number  of  channel  sets,  with  a corresponding  reduction  in  the  number  of  users/cell  that  can  be 
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supported.  This  is  the  basic  tradeoff  seen  in  cellular  system  planning.  The  number  of  channel  sets 
is  a compromise  between  the  desire  to  have  low  interference  and  the  desire  to  have  as  many 
users/cell  as  possible.  This  is  shown  in  Fig.  9. 


When  cellular  phones  were  first  introduced,  the  price  was  high  and  the  demand  low.  Only 
a few  large  cells  were  required  to  service  the  demand.  As  prices  came  down  and  the  demand 
grew  it  became  necessary  to  introduce  more  and  more  smaller  cells.  This  has  led  to  the  growth  of 
fhe  so-called  microcellular  systems  technology  Microcellular  systems  are  characterized  by  a large 
number  of  small  cells,  some  as  small  as  a city  block.  In  the  next  generation  PCS  technology  t 
cells  may  be  as  small  as  individual  floors  in  buildings.  Each  cell  will  be  served  by  : jeparate  base 
stations  One  issue  under  active  investigation  is  the  effect  of  small  cells  on  hand-offs.  Hand-off  is 
the  network  action  by  which  a mobile  using  a frequency  in  one  cell,  is  automatically  assig 
new  frequency  in  the  adjacent  cell,  as  it  moves  from  one  cell  to  the  next. 

2.2.1  DIGITAL  CELLULAR 

Although  cellular  phone  service  has  seen  phenomenal  growth  in  the  last  few  years,  there 
are  a number  of  issues  that  need  resolution.  The  most  important  of  these  is  how  to  mcrease 
service  penetration  among  the  population,  so  cellular  service  begins  to  approach  the  universal 
accessibility  envisioned  in  the  PCS  scenario.  In  general,  the  most  obvious  ways  to  ‘ncreasyervice 
capacity  in  cellular  systems  are  to  convince  the  FCC  to  allocate  more  spectrum,  or  o ui  , 

smaller  cells  Initially,  cellular  service  was  based  on  analog  FM  modulation,  eginnmg  in  e 
1990's  the  industry  has  started  a shift  to  digital  modulation  to  increase  service  capacity  without 
getting  lew  frequency  allocation,  from  the  FCC  Instead  of  modulating  the  carnet  dnectly  w th 
fhe  analog  voice  signal,  the  voice  signal  is  first  sampled  and  digitized,  and  the  resulting  bit  stream 
A tn  modulate  the  carrier  Digital  modulation  can  be  binary  or  M-ary.  In  binary  modulation, 
l„r,w“wa«"e^ i^nit.4  representing  binaiy  1 or  0.  In  M-ary  modulation,  the  bus  are 
Z^d  and  a group  of  log2M  bits  are  used  to  select  one  of  M different  transmission  waveforms 
Use  of  M-ary  modulation  reduces  the  channel  bandwidth  requirement  by  a factor  of  log,M 
tw“  L“  rifely  used  modulation  options  are  OMSK,  which  is  used  m the  European  GSM 
system,  and  QPSK,  which  is  used  in  the  Japanese  and  North  American  digital  cellular  standards 

Digital  modulation  allows  a number  of  advantages  related  to  capacity  and  quality 
Digitized  vo^e  can  be  processed  by  compression  techniques  to  bring 

r to  10  kb/s  This  means  that  up  to  3 users  may  be  served  in  the  30  kHz  bandwidtn  usea  y 
Lalog  FM  The  bandwidth  requirement  may  be  even  further  reduced  by  using  bandwidth-efficieni 
, 8 , .lotion  /However  use  of  M-ary  modulation  introduces  the  additional  issue  of  powe 

bandwitkh  tradeoff,  discussed  later  in  this  report.)  Additionally,  digitized  voice  may  be  P™‘ecte 
against  channel  errors  by  FEC  coding.  This  helps  protect  against  errors  in  transmission  wh 
unacceptably  likely  to  occur  in  an  unprotected  channel,  due  to  reflections  from  buildings  etc. 

and  North  American  digital  cellular  standards  do  incorporate  Viterb, 

coding.  However,  use  of  FEC  does  require  additional  bandwidth,  as  discussed  below 
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2.2.2  POWER-BANDWIDTH  TRADEOFF  IN  DIGITAL  CELLULAR 

The  power-bandwidth  tradeoff  is  fundamental  to  all  of  the  technological  options  being 
considered  to  increase  the  capacity  in  digital  cellular  systems.  The  power  bandwidth  tradeoff  is  a 
result  of  Shannon's  equation.  The  maximum  rate  of  information  transfer,  in  bits/second,  over  a 
channel  of  bandwidth  B is 


R = B log2(l+^) 


where  S/N  is  the  signal-to-noise  ratio  at  the  receiver.  For  our  purpose,  we  will  use  S/N 
interchangeably  with  C/I,  the  ratio  of  the  received  power  of  the  signal  carrying  desired 
information,  to  the  received  interference  power.  C/I  is  sometimes  referred  to  as  CIR,  the  carrier  to 
interference  ratio. 

For  bandwidth  efficient  communication,  to  make  it  possible  to  serve  the  largest  possible 
number  of  users,  we  would  like  to  keep  the  channel  bandwidth  low.  From  Shannon's  equation  we 
see  that  for  a given  information  transfer  rate,  we  can  reduce  the  channel  bandwidth  if  we  can 
increase  the  SNR.  But  we  saw  above,  that  in  cellular  systems,  increase  in  the  CIR  com^  ^orT\ 
increasing  the  distance  to  the  cochannel  cells,  which  in  turn  reduces  capacity.  The  precise  effect  o 
the  power  bandwidth  tradeoff  in  digital  cellular  is  still  a subject  of  ongoing  research  [4]  The 
various  technology  options  for  enhanced  capacity  in  digital  cellular  and  the  implications  of  the 
power  bandwidth  tradeoff  are  summarized  in  Fig.  10. 

2.2.3  QPSK,  CODING  AND  TDMA 

As  was  stated  above  QPSK  has  been  adopted  as  the  standard  modulation  scheme  for  next 
generation  North  American  digital  cellular.  QPSK  is  4-ary  modulation,  and  therefore  provides  for 
a doubling  of  bit-rate  within  the  same  bandwidth.  Thus  it  should  be  possible  to  transmit  60  kb/s 
over  the  standard  30  kHz  analog  cellular  (AMPS)  channel.  However,  from  our  discussion  of  the 
power  bandwidth  tradeoff  above,  it  should  not  immediately  be  concluded  that  this  alone  will  lead 
to  increase  in  the  system's  service  capacity. 

The  TDMA  digital  cellular  standard  also  calls  for  coding.  There  are  two  forms  of  coding. 
The  first  is  voice  or  source  coding,  and  the  second  is  channel  coding.  Source  coding  extracts  the 
essential  features  of  the  information  and  represents  them  in  fewer  bits  than  when  the  analog  signal 
is  sampled  and  digitized.  Source  coding  applies  only  to  voice  or  video  signals.  When  sampled  and 
digitized  a standard  voice  signal  requires  64  kb/s.  Voice  coding  techniques  such  as  ADPCM, 
LPC  etc’  can  be  used  to  reduce  the  bit-rate.  The  TDMA  standard  calls  for  use  of  LPC  to  reduce 
the  bit-rate  of  voice  signals  to  10  kb/s.  By  the  way,  NTSC  full-motion  color  video  signal  requires 
76  Mb/s  when  sampled  and  digitized.  Digital  data  compression  techniques  such  as  ADPCM, 
DCT,  wavelet  technique,  etc.  can  be  used  to  reduce  the  bit-rate  of  video  signals. 

FEC  or  channel  coding  is  used  to  protect  against  errors  in  the  transmitted  signal  induced 
by  channel  imperfections.  Parity  bits  and  CRC  bits  are  two  common  forms  of  channel  coding  that 
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allow  for  error  detection  but  not  error  correction 

for  a limited  amount  of  automatic  C°r^eC ‘°'?e  ,•  ■ widely  used  FEC  technique.  Use 

and  convolution.  Convolution this  is  undesirable  due 

di^auliar  standard  caUs  for  convolution  coded 

FEC 

analog  user. 

2 2.4  CDMA,  POWER  CONTROL,  VOICE  ACTIVATION,  CELL  SECTORIZATION 

"IlarT^sT^m  As  noted  above,  the  TDMA  architerture  provides  for  a tnphng  of 
capacity. 

CDMA  is  based  on  the  spread  spetfrum 

years.  There  are  two  kinds  of  spread  spectrum.  Dire  q ]n  pS.CDMA  each  user  bit 

sequence  is  more  popular  because  it  is  eas‘®r  ° P resulting  string  is  transmitted  using  a simple 

— s:  rsra  rs^Cu“hsi  j*  *.  * - ». ,«»«,  -■ 

the  sequence  is  called  the  processing  gain. 

When  CDMA  is  used,  the  transmitted by  the 
increased  by  a factor  equal  to  the  Pr“c“5'^  * . ®e  , operate  with  correspondingly  reduced 

^ C1R  th”  ‘°  3 " 

benefit  in  cellular  systems. 

The  CDMA  system^d^gn^to  operate  PN^o^ 

■>  - >p^  “iied  m3,ched  f,itering  ,o  seiect  ,hc 

user  of  interest  and  reject  other  interfering  transmissions. 

in  add, .ion  ,0  the  reduction , in  - 

proposed  CDMA  cellular  system.  These  are  p 
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sectorization.  Transmitter  power  control  is  used  so  that  transmissions  from  users  close  to  the  cel 
site  do  not  overwhelm  the  weaker  received  signals  from  users  farther  away.  Voice  ac  ivatlon  is 
based  on  the  statistical  observation  that  a typical  voice  signal  is  active  only  38  /«  of  the  ti  . 
Shutting  off  the  transmitter  whenever  there  is  no  speech  signal  present,  reduces  interfere 
other  users.  Sectorization  means  that  the  circular  cell  is  divided  into  three  mdeP®n^n 
sectors  by  the  use  of  directional  antennas.  In  essence,  cell  sectorization  is  like  having  three  s 
cells,  except  that  the  hand-off  between  sectors  can  be  handled  locally,  without  interference  by  the 

MTSO. 

It  can  be  shown  that  out  of  the  factor  of  20  capacity  benefit  of  CDMA,  about  a factor  of 
10  can  be  attributed  to  cell  sectorization  and  voice  activation,  and  only  about  a factor  of  2 to  the 
lower  CIR.  In  general,  it  is  difficult  to  improve  capacity  by  applying  the  power-bandwidth  tradeoff 
alone  In  CDMA  systems,  the  increase  in  channel  bandwidth  offsets  some  of  t e capaci  y gains 
obtained  from  the  CIR  reduction.  On  the  other  hand,  in  M-ary  modulation,  the  increase  in 
required  CIR  offsets  some  of  the  capacity  gains  obtained  from  the  bandwidth  reduction.  The 
comparative  features  of  TDMA  and  CDMA  are  shown  in  Fig.  11. 

2.2.5  ALOHA  AND  PRMA 

ALOHA  is  the  protocol  developed  at  the  university  of  Hawaii  for  random  access  packet 
data  communication  [l  p.231].  It  is  inherently  suited  for  bursty  data  sources  such  ^ computer 
terminals  It  avoids  the  wasted  bandwidth  associated  with  the  uniform  division  of  bandwi 
associated  with  such  techniques  as  FDMA,  TDMA,  CDMA,  etc. 

Essentially  in  ALOHA  protocol,  a terminal  transmits  a packet  as  soon  as  it  is  ready.  The 
transmission  succeeds  if  no  other  terminal  transmits  simultaneously.  Because  success  is  a random 
viable  this  is  also  referred  to  as  statistical  multiplexing.  A successful  transmission  is  verified  by 
the  destination  terminal  transmitting  an  acknowledgment  to  the  source^ 

packet  must  be  retransmitted.  The  maximum  utilization  of  the  channel  in  ALOHA  is  18/o.  Even 
so  this  is  an  improvement  over  TDMA  when  the  data  sources  are  very  bursty. 
of  ALOHA  is  slotted  ALOHA  in  which  the  time-scale  is  divided  into  uniform  periods  of  length 
equal  to  one  packet  duration,  called  slots.  Every  transmission  is  constrained  to  start  the 
beginning  of  a slot.  The  maximum  utilization  in  slotted  ALOHA  is  36%.  A further  improvement  is 
carrier  sense  multiple  access  (CSMA),  in  which  each  terminal  monitors  the  channel  for  any 
ongoing  transmission  and  defers  its  transmission  until  the  current  transmission  is  complete^ 
CSMaIs  used  in  ethernet.  Each  improvement  in  channel  utilization  comes  at  the  cost  of  increased 
romnlexitv  in  the  receiver.  In  general,  packet  communication  networks  use  some  sort  of  statistica 
ltinlexine  This  is  also  true  for  ATM  Statistical  multiplexing  performs  well  when  the  total 
MTOOTk  load  is  light,  but  the  channel  utilization  drops  dramatically  when  the  network  traffic  >s 
high,  due  to  repeated  collisions  and  retransmissions. 

There  has  not  been  a great  deal  of  attention  devoted  to  packet  communication  in  the  study 
of  cellular  systems.  This  may  be  due  to  the  fact  that  cellular  service  started  with  voice  In  fto. 
even  the  voice  market  is  yet  to  mature  hilly  The  most  noteworthy  work  in  the  cel  u ar  packe 
communication  is  the  development  of  PRMA  (packet  reservation  multiple  access)  [5]  Cellular 
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packet  communication  is  still  a subject  of  ongoing  research  [6],  Outside  the  cellular  context, 
packet  radio  networks  (PRN)  have  been  extensively  studied  [7]  for  their  application  to 
survivable  radio  network  architecture, 

We  will  restrict  our  attention  to  PRMA  here.  PRMA  is  a combination  of  slotted  ALOHA 
j td^  Each  PRMA  frame  consists  of  a fixed  number  of  slots.  Each  slot  can  hold  a sing  e 

userlacfcM  of  44  bt^of  payload  and  4 bytes  of  address.  Users  contend  for  a slot  by  randomly 
user  packet  ot  yt  P y successfully  decodes  a users  transmission  in  a 

access, ng  a vacan  o f *e  base  um  ^ ^ ^ succeeding  frames,  much  ,ike 

assuming  voice  activated  transmission,  there  can  be  1 .6  users  per  s o [ 

ffl.  DISCUSSION 

_ ■ s = xrzszs  rst;  rzs. 

development  of  mobile  multimedia  technology 

It  is  assumed  that  there  will  be  a large  number,  possibly  thousands  of  wireless  ports 

video  The  goal  is  to  service  a sh.ftmg  pattern  of  I Z o^u« ^of"he  peaTdemand  times  the 

bd"ydr.hde  inTtamai^eous'bandwid^h  demand,  be  it  voice,  video  or  data.  ATM  networks 
have  this  feature 


3.1  ISSUES  IN  MOBILE  MULTIMEDIA 

Following  is  a potential  list  of  issues  for  discussion. 

1)  Granularity.  How  close  should  the  ports  be  located? 

2)  Access  method.  TDMA,  CDMA  or  ALOHA  based. 

3)  Modulation  and  coding  method. 


4)  Intercell  network. 
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5)  ATM  adaptation.  Whether  packetization  should  take  place  in  the  terminal  or  in  the  base 

station. 

6)  Service  capacity  per  port 

7)  Operation  flexibility.  How  will  a shifting  demand  pattern  be  serviced? 

8)  Spectrum.  How  much  bandwidth  will  be  needed,  and  where  will  it  come  from? 

9)  Cost 

10)  Technology  development  timeline 

3.1.1  GRANULARITY,  BANDWIDTH  AND  CAPACITY 

The  answers  to  these  three  issues  are  intimately  linked.  The  number  of  users  per  cell  that 
can  be  supported  is  fixed  by  the  spectrum  available,  and  technology  choice  e g.  CDMA,  PRMA 
etc.  Of  course,  users  can  have  variable  bandwidth  demand,  so  by  the  word  user  we  mean  a 
fictitious  user  with  average  bandwidth  demand.  Once  the  number  of  users  per  cell  is  fixed,  the 
number  of  cells  required  is  fixed  by  the  total  demand  in  the  service  area.  If  there  is  enough 
bandwidth  to  support  40  mixed  service  users,  we  may  designate  one  port  per  wing  in  an  office 
environment.  If  the  number  of  users  per  cell  drops  to  10  we  may  need  a base  station  in  every 
room  The  smaller  the  cell  size,  the  less  the  bandwidth  as  well  as  power  required.  Thus  smaller 
cells  have  a practical  advantage.  In  theory,  smaller  cells  would  require  closer  management  by  the 
network  as  the  demand  moves  from  cell  to  cell. 

As  demand  moves  around,  it  is  possible  that  there  will  be  a demand  imbalance  from  cell  to 
cell  To  address  this  imbalance,  it  is  proposed  here  that  the  intercell  network  be  an  ATM  switch 
The  traditional  MTSO  and  cell  planning  which  treats  each  cell  equally  and  assigns  equal 
bandwidth  to  every  cell  are  not  desirable. 

3.1.2  ACCESS  METHOD  AND  ATM  ADAPTATION 

This  issue  should  be  clear  to  the  reader  by  now.  A review  of  the  path  taken  by  switching 
technology  and  the  trends  seen  in  cellular  technology  suggests  that  many  of  the  mistakes  of 
switching  are  being  repeated  by  cellular.  Switching  technology  developed  with  only  voice  m mind, 
and  had  to  go  through  a radical  rethinking  when  data  applications  proliferated.  The  same  trend  is 
now  seen  in  cellular.  The  big  debate  in  cellular  is  whether  TDMA  or  CDMA  is  better  for 
capacity.  It  is  proposed  here  that  both  are  methods  for  dividing  capacity  equally  among  users,  and 
are  suited  for  voice,  not  data.  Mixed  media  service  will  require  a packet  based  technology.  It 
could  be  PRMA,  or  some  other  technology  yet  to  come.  The  choice  of  packet  technology  for 
cellular  use  is  still  an  active  research  area.  Some  lessons  learned  for  packet  radio  applications  in 
DARPA  may  come  in  useful  for  this. 

The  above  discussion  also  addresses  the  issue  of  ATM  adaptation.  Since  the  PCS  scenario 
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envisions  a variety  of  terminal  with  varying  bandwidth  demands,  it  is  essential  that  the  access  to 
the  radio  port  be  packet  based.  Thus  packetization  should  take  place  in  the  terminal,  not  the  port 

3.1.3  COST 

All  the  technology  needed  for  a multimedia  terminal  is  available  today.  It  would  most 
likelv  combine  a notebook  PC,  a miniature  video  camera,  a packet  network  interface,  similar  to  an 
ethernet  card,  and  a radio  such  as  in  a cellular  phone.  All  of  these  items  can  be  purchased  today 
for  a total  cost  of  $4000.  The  cost  is  likely  to  come  down  as  the  product  is  integrated  and  mass 
produced.  Based  on  the  price  trends  seen  in  PCs,  we  can  estimate  that  the  cost  would  be  around 

$1000  in  about  5 years 


3.1.4  TECHNOLOGY  DEVELOPMENT  TIMELINE 


The  real  challenge  in  mobile  multimedia  technology  will  be  to  develop  the  network.  This 
will  have  to  go  through  a lengthy  and  complicated  process.  First  the  arch, lecture  has  to  be 
developed  further,  and  then  standardized.  This  could  Involve  a fairly  long  process  of  negotiation 
between  vendors,  regulating  agencies,  and  standardization  bodies  Based  on  the  experience > 
digital  cellular  standard,  we  can  guess  that  this  will  take  about  5 to  7 years.  After  this 
network  will  have  to  be  deployed.  Based  on  the  experience  with  recent  products  such  as  PCs  and 
cellular  phones  this  is  a more  rapid  process  and  may  take  anywhere  from  3 to  5 years^  Therefore, 
we  should  start  to  see  prototypes  in  about  5 years,  and  widespread  deployment  in  8 years. 

3.1.5  RF  SPECTRUM  USAGE  AT  KSC 

An  important  issue  is  how  much  bandwidth  will  become  available  for  mobile  multimedia 
technology  This  is  very  much  affected  by  how  the  RF  spectrum  is  currently  being  used  at  KSC, 
^ possibility  and  cos,  of  interference  with  critical  operations.  For  this  reason  a shot  review 

of  RF  usage  at  KSC  is  included. 

The  primary  operational  communication  systems,  viz.  OISD  and  OTV  are  not  based  on 
RF.  Mission  critical  communication  is  often  carried  on  land  links  in  order  to  increase  rehabl  1 ^ 
Where  wireless  techniques  are  conceived  for  mission  critical  operations,  suitable  error  pro  e 
such  as  CRC  or  FEC  should  be  included  for  reliability.  Wireless  communications  are  primarily 
fd  for  communication  with  the  orbiter  itself.  This  inch, ides  telemetry ; 
communication  is  carried  in  the  S-band  (2.2  GHz)  and  Ku-band  (15  GHz)  using  80  MHz  or 
bandwidth  The  Ku-band  is  used  when  the  vehicle  is  in  orbit,  while  the  S-band  is  used  during 
ascent  and  descent.  In  base  operations,  RF  is  used  for  emergency  c^mumcatm^  ^ a^l 
and  fire  rescue  These  communications  are  carried  out  in  the  150  Mhz  400  Mhz  and  800  Mft 
bands,  each  20  Mhz  wide  KSC  must  share  the  frequencies  reserved  for  government  use  wit 

other  government  agencies  in  the  area. 

As  technology  progresses,  new  methods  to  utilize  the  spectrum  more  efficiently  become 
available  To  implement  these  requires  a consensus  with  entities  holding  existing  c aims  o e 
s^ctaim.  Finding  spec, mm  for  new  applications  is  no,  so  much  an  issue  of  taking  „ away  from 
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existing  stakeholders,  as  it  is  of  finding  new  ways  to  share  it  for  maximum  benefit  to  the 
community  as  a whole. 


IV.  CONCLUSIONS 

A review  of  ATM  and  PCS  technologies  shows  that  mobile  multimedia  technology  could 
offer  benefits  at  KSC  in  operations  as  well  as  in  ground  support.  Current  trends  in  cellular  system 
technoloev  are  driven  by  the  voice  market  rather  than  multimedia.  Significant  effort  will  be 
required  !n  the  development  of  network  technology  to  support  mobile  multimedia.  A shift  toward 
packet  based  cellular  communication  will  make  mobile  multimedia  possible.  Prototypes  costing 
around  $1000  are  possible  in  about  five  years,  and  widespread  deployment  in  about  8 years. 
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PROMISE  OF  PCS  TECHNOLOGY 


PCS:  PERSONAL  COMMUNICATION  SYSTEM 

• Same  phone  anywhere  - home,  office,  car. 

• Tetherless  access 

*.  Access'to  custom  terminal  environment  from  any  point  in  the 
network 

• Multimedia  services  - voice,  fax,  data,  vid 

• Lightweight,  portable  terminal 


Fig.  1.  Promise  of  PCS  Technology. 


PROMISE  OF  ATM  TECHNOLOGY 


ATM:  ASYNCHRONOUS  TRANSFER  MODE 

Packet  switching  based  technology 
. Sxed  seXfcSs  - voice,  video,  data,  on  singie  network 

• Multimedia  services 

• Dial-up  video  library 

• Teleconference  and  video  intercom 

• Electronic  town  hall 


Fig.  2.  Promise  of  ATM  Technology 
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KSC  APPLICATIONS  POTENTIAL 

•Tetherless  workstations.  No  cable  plant  changes.  More  flexible 
deployment  of  bandwidth. 

• Two-way  wireless  multimedia  support  for  operations. 

• Video  instructions  and  scheduling 

• Fast  wireless  video  closeouts 

• Video  conference  to/from  mobile  locations 


Fig.  3.  KSC  Applications  Potential. 


Fig.  4.  Circuit  Switching. 
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Fig.  5.  TDMA  Switching. 
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Fig.  6.  Packet  Switching. 
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CELLULAR  SYSTEM  CONCEPTS 


•Basic  concept:  Divide  service  area  into  circular  cells.  Assign 
channels  to  cells;  neighbor  cells  do  not  have  same.  Reuse 
of  channel  in  other  cells. 

•Channel : User's  set  of  assigned  frequencies  for  2-way  comm. 


within  the  cell 

.Cochannel  cell:  Where  the  same  channel  is  being  reused 
•Reuse  distance:  Smallest  distance  between  cochannel  cells 

•Cochannel  interference 

•Capacity  grows  as  inverse  of  reuse  distance 


•Interference  also  grows  same  way 

.Key  problem:  How  to  increase  capacity  but  not  interference. 
•Hand-off : Automatic  assignment  of  new  channel  as  mo  i e 
moves  from  one  cell  to  another 

•Base  station  or  cell  site  : Radio  port  to  land-based  network,  one 


for  each  cell.  . . , . * 

iMTSO  : Mobile  telephone  switching  office.  Switch  for  mterce 

communication. 


Fig.  7.  Cellular  system  concepts. 
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THREE  CHANNEL  REUSE  PATTERN 


FOUR  CHANNEL  REUSE  PATTERN 


Fig.  8.  Example  of  3-  and  4-  channel  reuse  patterns. 
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PROPOSED  DIGITAL  CELLULAR  STANDARDS 

TDMA 

• QPSK  modulation 

• Source  coding  (LPC) 

• Channel  coding  (convolution) 

• Triple  AMPS  capacity 

CDMA 

• Spread  spectrum  technique 

• Cell  sectorization 

• Voice  activation 

• 20  times  AMPS  capacity 


Fig.  11.  Comparative  features  of  TDMA  and  CDMA. 
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Fig.  6.  Packet  Switching. 
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CELLULAR  SYSTEM  CONCEPTS 

•Basic  concept:  Divide  service  area  into  circular  cells.  Assign 
channels  to  cells;  neighbor  cells  do  not  have  same.  Reuse 
of  channel  in  other  cells. 

•Channel : User's  set  of  assigned  frequencies  for  2-way  comm, 
within  the  cell 

•Cochannel  cell:  Where  the  same  channel  is  being  reused 

•Reuse  distance:  Smallest  distance  between  cochannel  cells 

•Cochannel  interference 

•Capacity  grows  as  inverse  of  reuse  distance 

•Interference  also  grows  same  way 

•Key  problem:  How  to  increase  capacity  but  not  interference. 

•Hand-off : Automatic  assignment  of  new  channel  as  mobile 
moves  from  one  cell  to  another 

•Base  station  or  cell  site  : Radio  port  to  land-based  network,  one 
for  each  cell. 

•MTSO  : Mobile  telephone  switching  office.  Switch  for  intercell 
communication. 


Fig.  7.  Cellular  system  concepts. 


THREE  CHANNEL  REUSE  PATTERN 


FOUR  CHANNEL  REUSE  PATTERN 


Fig.  8.  Example  of  3-  and  4-  channel  reuse  patterns 
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cellular  system  performance 

Performance  Measure  : number  of  users  per  cell. 
»Lee's  formula: 


B,/Bc 


where  m = users  per  cell 

= Total  system  bandwidth 
Bc  = Channel  bandwidth 

C/I  = Worst  case  CIR  (Carrier  to  interference  ratio). 
Varies  directly  as  reuse  distance. 


Fig.  9.  Cellular  system  performance. 


CAPACITY  ENHANCING  TECHNIQUES 

• 

Method 

BW 

CIR 

(Reuse 

dist) 

Voice  compression 

dec 

none 

Error  correction 

inc 

dec 

M-ary  mod.  (QPSK) 

dec 

inc 

CDMA 

inc 

dec 

Sectorization 

none 

dec 

Voice  activation 

none 

dec 

Fig.  10.  Capacity  enhancing  techniques  for  digital  cellular. 


226 


PROPOSED  DIGITAL  CELLULAR  STANDARDS 

TDMA 

• QPSK  modulation 

• Source  coding  (LPC) 

• Channel  coding  (convolution) 

• Triple  AMPS  capacity 

CDMA 

• Spread  spectrum  technique 

• Cell  sectorization 

• Voice  activation 

• 20  times  AMPS  capacity 


Fig.  1 1 Comparative  features  of  TDMA  and  CDMA. 
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COST-BENEFITS  OF  ADVANCED  SOFTWARE: 
A REVIEW  OF  METHODOLOGY  USED  AT  KSC 

By 

Prafulla  Joglekar 


Abstract 

To  assist  rational  investments  in  advanced  software,  a formal,  explicit,  and  multi- 
perspective cost-benefit  analysis  methodology  is  proposed.  The  methodology  can  be 
implemented  through  a six-stage  process  which  is  described  and  explained.  The  current 
practice  of  cost-benefit  analysis  at  the  Kennedy  Space  Center  is  reviewed  in  the  light  of 
this  methodology.  The  review  finds  that  there  is  a vicious  circle  operating.  Unsound 
methods  lead  to  unreliable  cost-benefit  estimates.  Unreliable  estimates  convince 
management  that  cost-benefit  studies  should  not  be  taken  seriously.  Then,  given  external 
demands  for  cost-benefit  estimates,  management  encourages  software  engineers  to  some 
how  come  up  with  the  numbers  for  their  projects.  Lacking  the  expertise  needed  to  do  a 
proper  study,  courageous  software  engineers  with  vested  interests  use  ad  hoc  and 
unsound  methods  to  generate  some  estimates.  In  turn,  these  estimates  are  unreliable,  and 
the  vicious  circle  continues.  The  proposed  methodology  should  help  Kennedy  Space 
Center  to  break  out  of  this  vicious  circle. 
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COST-BENEFITS  OF  ADVANCED  SOFTWARE: 
A REVIEW  OF  METHODOLOGY  USED  AT  KSC 

By 

Prafulla  Joglekar 


Executive  Summary 

Advanced  software  (ASW)  investment  decisions  are  multi-stage,  varied,  complex, 
risky,  and  controversial.  Therefore,  we  need  a systematic  methodology  to  assist  rational 
ASW  investment  decisions.  I propose  a formal,  explicit,  and  multi-perspective  cost- 
benefit  analysis  (CB  A)  methodology  for  this  purpose.  I outline  a number  of  rich  concepts 
and  principles  of  this  methodology,  and  recommend  a six-stage  process  for  its 
implementation.  In  the  light  of  this  methodology,  my  review  of  the  current  practice  of 
CB  As  at  KSC  finds  that  the  practice  is  seriously  deficient. 

The  basic  cause  underlying  these  deficiencies  is  that  we  are  caught  in  a vicious 
circle  described  by  the  following  paragraph: 

At  present,  CBA  studies  fail  to  capture  all  the  relevant  concerns.  They  measure  only 
selected  costs  and  benefits  using  questionable  assumptions  and  unsound  methods.  As 
a result,  the  estimated  costs  and  benefits  are  highly  unreliable.  Consequently, 
management  looks  at  CBAs  not  as  decision-making  tools,  but  as  mere  exercises  in 
generating  numbers  for  external  justification  of  decisions  already  made.  Thus, 
management  does  not  take  CBA  studies  seriously,  and  simply  leaves  the  conduct  of 
CBAs  up  to  the  initiative  of  the  software  engineers  involved  in  specific  projects, 
without  any  provision  for  additional  resources  and  expertise  needed  for  these  studies. 
Lacking  resources,  and  the  necessary  expertise  in  economic  analysis,  but  with  vested 
interests  in  justifying  their  projects,  courageous  software  engineers  use  creative,  but 
ad  hoc  and  unsound  methods  to  conduct  their  CBAs.  The  resulting  cost-benefit 
estimates  are  highly  unreliable,  and  certainly  not  worthy  of  use  in  any  rational 
decision-making.  Thus,  management’s  view  that  CBAs  are  to  be  used  merely  as 
exercises  in  generating  numbers  for  external  justification  is  reinforced,  and  so  on. 
The  vicious  circle  continues! 

I recommend  that  at  KSC,  we  should  try  urgently  to  break  out  of  this  vicious 
circle.  The  methodology  I have  proposed  provides  one  exit  point  to  break  out  of  this 
circle.  The  other  exit  point  is  a change  in  management’s  perception  of  what  a good 
methodology  can  do,  and  its  willingness  to  provide  adequate  resources  and  appropriate 

expertise  to  the  conduct  of  CBAs. 
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COST  - BENEFITS  OF  ADVANCED  SOFTWARE: 
A REVIEW  OF  METHODOLOGY  USED  AT  KSC 


1.  Introduction 

Advanced  software  (ASW)  projects  are  exciting,  fltey  keep  us  at  the  cuttuig-edge 

£2=55=5  a£= 

promise  commercial  spin-offs. 

^ure  actual  r'  ‘za"°"  soflvvare  such  as  Knowledge-based  Autonomous  Test 
* obtatned.  For  Based  on  ta,el,igel„  Computer  Operattons  and 

Nerworicing  (RUBICON)  will  not  enable  us  me^redWons  Ld 

ssss - -*  - - 

future  compared  to  the  use  of  these  ASW. 

On  the  other  hand,  advanced 

certam  improvements  in  operations  e ^ seriously  under-utilized.  For  example,  we 
computer  systems  is  that  their  true  p possible  with  the 

are  nowhere  near  realizing  the  reductions  in  hard-copy  costs  «J*  ^ ASW  often 

electronic  communication  capabilities  rea  y m ^ investment  in  the 

suggest  that  what  we  need  is  necessary  for 

training  and  in  the  management  of  a c g P P pr0ponents  of  ASW  counter 

a fuller  exploitation  of  of  an  ASW  project 

developing  new  ASW. 

r .HHition  there  are  a variety  of  interesting  and  challenging  issues  to  resolve  in 
ASW  in— « decisions.  Given  many 

;°er,rc:mpt.:  ^ ct°;  L <1 

schedule,  or  operational 

reassesOTi^  stages  in  life  cycle.  Below  are  a 
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few  examples  of  the  many  interesting  and  challenging  issues  one  has  to  deal  with  when 
making  ASW  investment  decisions. 

Some  projects,  such  as  the  replatfonning  of  the  Shuttle  Connector  Analysis 
Network  (SCAN),  seem  unavoidable  given  the  obsolescence  of  the  current  platform.  Yet, 
replatfonning  opens  several  possibilities  for  enhancements  to  current  SCAN  capabilities 
(e.g.,  LRU  trace-through,  Automated  retest,  Wire  trace  diagnostics,  etc.),  and  total 
project  costs  depend  upon  the  enhancements  we  decide  to  seek.  We  would  be  foolish  not 
to  exploit  some  of  these  opportunities  for  enhancements.  However,  the  larger  the  set  of 
enhancements  we  seek,  the  greater  would  be  the  project  complexity  and  the  consequent 
risk  of  failure.  Thus,  the  real  issue  to  be  decided  here  seems  to  be  what  specific 
enhancements  to  seek  and  what  not  to. 


Some  projects,  such  as  the  Ground  Processing  Scheduling  System  (GPSS),  seem 
to  deserve  continued  funding  on  the  basis  of  their  past  and  measurable  successes. 
However,  the  issue  here  may  be  who  should  fund  it  from  this  point  on,  and  at  what  level? 
If  GPSS's  benefits  are  clearly  demonstrable  and  the  costs  of  its  further  development  w 
be  lower  than  its  future  benefits,  is  it  time  to  spin  it  off  as  a commercial  venture?  Under 
’ this  approach,  a private  firm  will  have  to  fund  GPSS's  further  development  and  share  m 
the  rewards  of  its  future  success.  Thus,  a larger  portion  of  Code  C budget  may  be 
available  to  fund  other  ASW  projects  which  may  be  too  risky  for  a private  (and  nsk- 
averse)  entrepreneur  but  quite  acceptable  to  a (risk-neutral)  government  On  the  other 
hand  because  of  the  many  complicated  legal  and  political  issues  involved,  attempts  to 
commercialize  GPSS  too  soon  could  actually  slow  down  its  development  and 
implementation. 

Other  ASW  projects  such  as  KATE,  and  RUBICON  seem  to  deserve  continued 
funding  because  they  are  based  on  truly  visionary  technologies.  The  issue  here  is  whether 
these  ASW  projects  represent  a situation  of  "a  solution  looking  for  a problem  to  solve, 
and  whether  given  our  desire  for  being  at  the  cutting-edge  of  technology,  funding  of 
visionary  technologies  is  justified  in  and  for  itself. 


Another  issue  pertaining  to  KATR  and  RUBICON  seems  to  be  the  threshold  level 
of  funding  needed  to  keep  these  projects  at  a reasonably  productive  pace  For  some 
projects,  no  funding  at  all  may  be  better  than  some  funding  below  the  threshold  level. 
One  concern  is  that  with  the  speed  at  which  some  ASW  projects  are  proceeding,  there 
may  be  cheaper  and  better  commercial  products  on  the  market  long  before  our 
development  is  complete.  Considering  that  possibility,  the  question  is:  Are  we  simply 
providing  taxpayer-funded  software  development  experience  to  the  contractor/ 

When  funding  an  ASW  project  (See  Attachment  A),  we  seem  to  budget  for  the 
tune  software  engineers  would  spend  on  that  project.  In  reality,  the  project  uses  many 
other  resources  in  the  organization.  Computer  hardware,  and  office  supplies  are  the 
obvious  examples  of  these.  In  addition,  there  are  many  hidden  costs  (hidden  until  we 
recognize  them).  For  example,  to  the  extent  that  ASW  projects  attempt  to  capture 
corporate  knowledge  and  expertise,  they  require  substantial  time  and  cooperation  from 
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various  experts.  Unless  these  experts’  time  is  explicitly  budgeted  for  the  ASW  project, 
project  schedule  and  success  may  depend  on  the  goodwill  of  the  experts  and  may  even 
risk  neglect  of  the  experts'  normal  duties  which  may  be  launch-critical  today.  Unless  all 
relevant  costs  of  an  ASW  project  are  uncovered,  added-up,  and  compared  with  the 
project’s  likely  benefits,  one  does  not  know  whether  that  ASW  development  would  be  a 

wise  idea. 

At  the  same  time,  it  should  be  realized  that  if  the  experts  are  not  convinced  of  the 
value  of  the  project,  or  think  that  their  jobs  will  be  at  risk  once  their  expertise  is  captured, 
software  engineers  will  not  succeed  in  capturing  their  expertise.  In  other  words, 
successful  implementation  of  an  ASW  project  often  requires  that  each  one  of  the  many 
stakeholders  of  the  project  should  find  it  cost-beneficial  from  his/her  own  perspective. 

In  short  ASW  investment  decisions  are  multi-stage,  varied,  complex,  and  risky, 
and  their  success  depends  on  the  cooperation  of  multiple  stakeholders.  It  is  no  surprise 
that  while  there  are  a few  success  stories,  there  are  many  more  instances  of  project 
failures  long  delays,  and  wasted  resources.  Thus,  most  ASW  investment  decs, ons  seem 
;r"«J  it  is  therefore  imperative  that  we  develop  a systemattc  methodology 

to  assist  rational  ASW  investment  decisions. 

In  Section  2, 1 propose  a cost-benefit  analysis  (CBA)  methodology  to  assist  these 
decisions  I had  ho,4dm  demonstrate  the  use  of  this  methodology  in  a couple  of  actual 
decision  situations.  Unfortunately,  a.  KSC  the  concept  of  what  a tCB A 
do  and  where  to  apply  it,  seems  to  be  very  different  than  mine.  At  KSC,  CBAs  are  used 
,o  justify  past  decisions,  or  our  preferred  choices,  to  some  external  constituency.  CB  As 
areJnot  seen  as  an  assistance  to  decision-making.  Indeed,  ASW  projects  that  are  facing 
Zoul  decision  points  seem  to  avoid  a systematic  CBA.  As  a result,  I did  not  really  get  a 
chance  to'demoiisttate  die  use  of  my  methodology.  On  the  other  hand  as  is  clear  from 
the  discussion  in  Section  2,  1 did  have  the  opportunity  to  study  several  instances  of  the 
current  practice  of  CBA  at  KSC.  Attachments  A through  D present  the  relevant  excels 
from  the  CBAs  I studied.  In  section  3,  I review  the  current  practice  as  a whole  an 
contrast  it  with  my  methodology.  Section  4 provides  my  condus.ons  and 

recommendations. 
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2.  The  Proposed  Methodology 

Rational  decision-makers  always  assess  the  costs,  benefits,  and  risks  of  the 
alternative  choices  they  have.  However,  this  assessment  is  often  informal,  implicit,  and 
only  from  a single  (the  decision-maker's)  point  of  view.  I recommend  that  at  KSC  the 
assessment  of  ASW  investment  alternatives  be  formal,  explicit,  and  multi-perspective. 
Organizational  decision-makers  clearly  recognize  the  need  for  a formal  process  of 
assessment.  An  explicit  assessment  forces  us  to  articulate  all  underlying  assumptions  and 
verify  their  validity.  An  explicit  process  is  also  easier  to  study,  improve  over  time,  and 
pass  on  from  one  generation  of  decision-makers  to  the  next.  Many  researchers  suggest 
that  a cost-benefit  assessment  be  "objective."  I believe  that  costs  and  benefits  of  an  ASW 
lie  in  the  "eye  of  the  beholder."  In  other  words,  assessments,  by  their  very  nature,  depend 
upon  one’s  point  of  view,  and  hence  are  subjective.  Instead  of  attempting  to  avoid  this 
subjectivity,  I recommend  that  the  assessment  be  from  the  point  of  view  of  each  one  of 
the  major  stakeholders  of  an  ASW  investment.  As  I have  suggested  before,  such  a multi- 
perspective  assessment  improves  our  chances  of  obtaining  full  cooperation  from  all  the 
stakeholders,  and  hence  the  chances  of  project  success. 

Rational  decisions  based  on  such  a formal,  explicit  (therefore  well  documented), 
and  multi-perspective  assessment  need  no  further  efforts  to  justify  them  to  our  superiors 
or  to  the  general  public. 

2.1  Richness  of  the  Methodology 

Formal  CBAs  have  been  done  for  over  ninety  years  now,  ever  since  the  1902 
Harbor  Act  required  that  Army  Corps  of  Engineers  could  build  only  those  water  projects 
that  could  be  shown  to  generate  more  money  than  they  consumed.  Given  the  language  of 
the  Harbor  Act,  the  foci  of  early  CB  A were  on 

(i)  justifying  a decision  already  made,  and 

(ii)  quantifying  all  costs  and  benefits  in  dollar  terms. 

In  many  organizations,  these  foci  continue  to  prevail  even  today.  However,  over 
the  years,  as  CBAs  are  done  in  a wide  variety  of  organizations  analyzing  a wide  variety 
of  decision  situations,  the  CBA  methodology  has  evolved  considerably.  In  a previous 
publication  [1],  I have  reviewed  this  evolution,  and  clarified  a number  of  common 
misunderstandings  about  what  a CBA  methodology  is,  and  is  not. 

Briefly,  by  now,  we  recognize  that  although  a CBA  can  be  used  to  justify  a 
decision  already  made,  its  most  cost-effective  use  lies  in  arriving  at  the  right  decision. 
We  know  that  not  all  cost  and  benefits  can  be  measured  in  dollar  terms,  if  they  can  be 
measured  at  all.  We  have  developed  a variety  of  techniques  such  as  cost-effectiveness 
analysis  (CEA),  cost-utility  analysis  (CUA),  and  technology  assessment  (TA)  to 
accommodate  variables  that  defy  measurement  and  valuation  in  dollar  terms.  More 
importantly,  we  recognize  that  rational  decisions  can  be  made  without  forcing  a 
quantification  of  the  non-quantifiable,  or  a prediction  of  the  unpredictable.  I see  these 
insights  and  techniques  as  an  integral  part  of  what  I call  "the  CBA  methodology." 
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The  most  fundamental  principle  of  the  CBA  methodology  is  to  account  for  (not 
necessarily  quantify)  all  incremental  costs  and  benefits  resulting  from  a decision 
alternative  To  enable  us  to  do  this  task  properly,  the  methodology  provides  a numb® 

^h  concepts  and  principles.  For  example,  it  describes  the  many  different  types  of  co  ts 

L^SSSSSSSSS 

alternative  action  instead  of  a given  action,  as  a cost  of  the  given  action. 

The  methodology  telle  us  to  pay  attention  to  the  cause-effectaswell  as  me  mold- 

- tr.rsrs  ssrr  rs:  * » =»  - 

oranges".  In  short,  the  methodology  is  very  rich  and  insightful. 


A Clarification  of  Some  Common  Misperceptions 


2.2 

Unfortunately  in  the  information  systems  literature,  some  scholars  have 
i nrri  PR  A methodology  with  such  financial  techniques  as  internal  rate  o 
incorrectly  equated  ,CBA ^ for  the  time  value  of  money  is  an 

i — 

emphasize  that  I am  recommending  a methodology,  not  a srngle  lechmque. 

mr  dsyc[B2i  i:  rr:  £*»>-  ■*>  ^ ^ 

welco^nes  a fo^xpUcit,  and  rational  decision  no,  to  pursue  »CBA  in  such  st.ua, tons. 

The  methodology  also  requires  that  the  scope  and  the  level  of  detail  of  a CBA 

study  be  consistent  with  the  magnitude  of  ’,k'^  A CBAaudy  that 

investment  decision,  and  with  the  tune  »v adaWe  to  demum  matang  ^ 

costs  $10,000,  when  the  top*  P~< Similarly,  a study  tha, 
and  the  worst  choice  is  only  $ » » ^ . ♦ , n<,t  u made  within  a month, 

takes  a year  to  complete  will  not  assist  a h and  take  too 

Thus,  in  my  view,  a common  fear,  namely  that  a CBA  will  cost 

long,  is  simply  a misperception  of  the  methodology. 
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One  widely-held  belief  is  that  a CBA  is  useful  only  when  a project  is  initially 
approved  or  disapproved,  and  it  has  no  role  to  play  in  subsequent  decisions  about  annual 
funding  levels,  etc.,  particularly  so,  if  an  original  CBA  was  not  conducted  at  the  time  of 
initial  project  approval.  Once  the  methodology  proposed  here  is  in  place,  there  will  be  no 
reason  to  assume  that  a CBA  with  properly  defined  scope  and  level  of  detail  cannot  assis 
the  current  year's  funding  decision  pertaining  to  an  on-going  project,  whether  an  initial 

CBA  exists  or  not. 

Of  course,  when  an  initial  CBA  does  exist,  the  analysis  in  subsequent  years  is 
considerably  easier.  This  is  so  because  under  my  methodology,  the  initial  CBA  for  an 
ASW  project  incorporating  Rapid  Prototying  (RP)  and  anticipating  a t ee  year 
devdopmeru  cycle,  would  delude  a decision  tree  analysis  (DTA)  of  the  year-by-ye^ 
alternative  possible  milestones  of  accomplishments  and  subsequent  choices.  Such  a DTA 
spells  out  precisely  what  to  do,  once  we  know  which  one  of  the  various  possible 
milestones  actually  occurred  during  the  previous  year. 

Perhaps  the  most  pervasive  misconception  of  the  CBA  methodology  is  that  it 
accounts  only  for  the  "economic"  costs  and  benefits,  and  ignores  the  many  noneconomic 
values  we  seek.  With  that  misconception,  some  people  even  suggest  that  a CBA  has  no 
role  to  play  in  any  government  agency,  let  alone  NASA,  since  government  agencies  exis 
precisely  because  market  forces  fail  to  provide  for  certain  non-economic  societal  needs.  I 
have  shown  elsewhere  that  economists  in  general,  and  CBA  methodoiogists  in  partic^ar 
have  always  concerned  themselves  with  the  capture  of  the  non-economic  values  [1]. 
methodology  I am  proposing  insists  that  all  values,  economic  and  non-economic,  be 

captured,  and  captured  explicitly.  When  this  methodology  is  h"PIe^ed/  ^uade- 
ereatest  contribution  may  lie  in  the  clarification  of  the  real  values  at  KSC,  in  such  tra 
offs  as  between  obtaining  assured  launch  success  using  existing  (and  proven)  technology 
and  developing  ASW  for  more  efficient  and  effective  launch  operations  in  the  future. 

2.3  A Process  for  Implementation 

With  this  overall  framework  in  mind,  I propose  that  at  KSC,  we  use  the  six-stage 
process  depicted  in  Figure  1 for  assessing  various  ASW  investment  alternatives. 

Stage  1 requires  that  the  decision  context  of  a CBA  study  be  articulated 
explicitly  That  is,  we  must  identify  the  decision  alternatives  to  be  evaluated  in  as 
specific  ^terms  as  possible.  For  example,  in  the  SCAN  replatfonning  project  (See 
Anachment  A)  equating  the  costs  and  benefits  of  the  total  replatfomnng  effort  does 
not 4 help^any  decis ion , since  in  face  of  the  obsolescence  of  the  current  platform 
replatfonning  must  be  done.  What  we  need  is  an  assessment  of  the  incremental  costs  and 
benefits  of  each  enhancement  sought  while  replatfonning.  We  must  still  assess  the  costs 
and  benefits  of  the  basic  (no  enhancements)  replatfonning  effort,  but  only  to  set  the  base- 
toe  ftl  which  the  incremental  coats,  benefits,  and  risks  of  an  enhancement  can  be 

assessed. 
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Stage  1 : Context  Articulation 

Identify  available  decision  alternatives 

Define  Horizon 

Identify  all  stakeholders 
Guesstimate  upper  and  lower  bounds 

List  assumptions 

Conduct 
Formal  CBA?^ 


Record  reasons  for 
future 


r 

, STOP 

V. 

Stage  2:  Enumeration 

of  these  changes:  in  all  pertinent  organizations,  e.g.: 

’ Use  of  resources  "j  Sponsoring  Department 

information  Input/  output  H Software  Development  Group 

| NASA  Mission  Performance  r*  Other  directorates 

Contractor  Performance  J l Contracting  Organization 

and  Risks  (technical,  schedule,  operational) 

during  development  of  ASW  and  after  implementation 


Can  be  x 
Measured?/^ 

N.^yeS 


Stage  3:  Measurement 

Key  issues:  Proper  base-lines 

joint-use  of  resources 
co-producers 


Provide  clear  and 

complete 

description 


Will  be 
valued? 


Stage  4:  Valuation 

Account  for  each  stakeholder's  point  of  view 

Resolves  issues  such  as  contract  terms  to  determine  proper  values 

Accommodate  alternative  valuation  metrics 


Provide  clear  and 

complete 

description 


Stage  5:  Adjustments  for:  anos>e 

time  value  of  money,  alte 

risks, 

probabilities  of  existence  of  the  co-producers 


and  Sensitivity  analysis  with 

alternative  assumptions 


Stage  6:  Final  Assessment 

Combining  the  valued  and  the  unvalued  from  multiple  perspectives, 
management  should:  o approve/  disapprove  projects 
o recommend  redesign  of  ASW 
o provide  feedback  to  CBA  methodology 
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In  addition,  in  this  Context  Articulation  Stage,  we  identify  all  the  major 
stakeholders  of  an  ASW  project,  define  the  horizon  (one  year,  or  five  years,  etc.)  over 
which  benefits  and  costs  will  be  assessed,  guesstimate  the  upper  and  lower  bounds  on  tie 
costs  and  benefits  of  each  alternative,  and  make  decisions  on  which  alternatives  wil 
the  subject  foimal  CBA  studies,  and  from  which  stakeholders’  points  of  view,  n o er 
words,  we  make  a judgment  on  which  CBA  studies  would  be  cost-beneficial. 

It  is  important  to  define  a reasonably  long  but  limited  horizon.  For  example  it 
does  not  help  any  decision  we  can  make  today,  if  we  assess  the  costs  and  benefits  KATE 
assuming1  final  completion  ami  implementation  of  .he  .o.al  KATE  vision,  which  is 
estimated  to  need  $27M  in  software  engineers'  time  alone.  At  the  current  funding  leve 
$300K,  it  will  take  ninety  years  to  realize  that  visionl  (See  Attachment  ). 

In  the  Context  Articulation  Stage,  we  should  also  begin  to  cor"Pile  a list  of 
assumptions  underlying  our  study.  In  subsequent  stages,  we  should  be  dd.gen.  in 

updating  this  list,  as  necessary. 

Stage  2 requires  the  enumeration  (or  listing)  of  all  the  categories  of  changes 
resulting  from  an  investment  in  an  ASW  allemative,  both  during  the  development  of  the 
ASW  and  after  it  is  operational,  but  without  going  beyond  the  defined  horizon.  These 

Chl0)*emusye^f  resources  including  hardware,  faculties,  labor  (both  software  engineers' 

time  and  supporting  experts’  time),  etc.,  . 

,ih  information  input  and  output  including  quantity,  quality,  speed  and  timing, 

(ill)  NASAs*  mission  perfomlce  including  on-schedule  and  safe  launches,  maxtmum 
ptoducdve  use  of  available  resources,  being  a.  the  cutting  edge  of  technology  and 

providing  commercial  spin-offs,  etc.,  and  . . . 

(iv)  Contractor  performance  including  profitability,  productivity,  etc. 

We  want  to  enumerate  these  changes  not  only  in  tire  sponsoring  depnrtment  < eg. 
a vehicle  flow  manager  in  the  case  of  GPSS),  and  the  software  development  group,  but 
Lo  ta  tire  vlious  non-sponsoring  but  potentially  affected  directorates  ami  conuactots. 
As  suggested  before,  this  may  be  important  in  obtaining  the  necessary  coopera 
L experts  in  various  affected  organizations,  without  risking  a neglect  of  then  normal 

duties. 

In  addition  to  the  above  changes,  we  should  also  enumerate  the  technical 
schedule' and^operational  risks  associated  with  an  ASW  project.  *so  we  should  nm 

rg".  db^hTfelS  LowsUmCreT  "^LTre'L'sLes' Tthis  process  to 
Sveriapping.  earlier  stages  requiring  feedback  and  updating  from  later  stages,  and  vtce 

versa. 

In  short  Stage  2 ensures  that  we  account  for  all  costs,  benefits,  and  risks  of  an 
ASW  proS  md  their  timings,  within  the  deftned  horizon.  I.  also  ensure  that 
immeasurable  costs,  benefits,  and  risks  remain  as  prominent  in  our  analysts  as 
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measurable  ones.  After  all,  making  a decision  (in  Stage  6)  inevitably  involves  a trade-off 
between  the  measured  and  the  unmeasured. 

Once  the  relevant  changes  are  enumerated,  it  is  important  to  identify  those  that 
defy  any  measurement  (e.g.,  the  quality  of  information),  describe  them  as  clearly  an 
completely  as  possible,  and  determine  if  they  are  still  amenable  to  valuation  (perhaps 
through  such  approaches  as  the  user's  willingness  to  pay). 

When  feasible,  measurement  that  occurs  in  Stage  3 is  an  important  preluninary 
to  valuation  However,  even  in  the  case  of  the  measurable,  such  as  the  reduction  in 
scheduling  meeting  durations  attributable  to  OPSS  (See  Attachment  C>,  we  must  have  a 
proper  Wstorical  base-line  measurement,  and  the  ability  ^project  ft*  - 

futures  one  with  OPSS  implemented,  and  one  without.  Just  because  tn  the  pre-GPSS 
envirmunent,  we  used  to  schedule  a meeting  for  an  hour,  and  we  used  to  rnvtte  106 
neoule  to  this  meeting,  does  not  mean  we  can  use  106  hours  per  day  as  the  base-line. 

We  must  examine  J to  how  long  these  meetings  actually  used  to  last,  and  how  many 

people  used  to  actually  attend. 

If  nothing  else,  Stage  3 tells  us  what  data  we  must  begin  to  collect,  so  as  to  trade 
the  performance^ improvements  brought  about  by  an  ASW.  In  projecting  the  withou  - 
ASW  future  it  is  important  to  not  assume  a simple  status  quo  from  the  history.  We  must 
famine  L to  what  other  forces  may  be  influencing  the  base-hne  For  example 
experience  in  scheduling  past  Orbiter  flows  may  also  help  reduce  the  scheduling  mee  ing 
durations  necessary  for  future  flows. 

Similarly  a reduction  in  weekend  overtime,  claimed  as  a benefit  of  GPS S (See 
Attachment  C)may  also  be  the  result  of  a simple  management  policy  to  not  approve 
^in?vnL  of  overtune  work  regardless  of  what  it  does  to  the  launch  schedule,  and  the 
“Tou  red  logistics  and  operations  technologies  in  OPF.  What  is  important  ts  to 
Si  treasure  ,1  incremental  con, riba, ion  of  GPSS  to  this  redact, on  tn  overtune. 

It  is  important  in  the  measurement  stage  to  identify  the  many  co-producers  (i.e 

necessary  conditions)  a proposed  ASW  may  need  m (sce 

realize  the  savings  in  Firing  Room  manpower  afforded  by  KATE  or  RUBIUUN  ^ee 
Attachments  B and  D)  a co-producer  is  the  necessary  cultural  and  altitudinal  change  in 
Tc^ZeiTnt  When  such  co-producers  are  identified,  one  must  estimate  their 
pmbaMhLTof  existence  during  each  year  of  the  darned  horiaon,  ^enrn £>  * 

-■  inhe  like, mood  o^lturtd 

changertxero,  the  expected  benef.ts  of  manpower  rednetron  due  ro  KATE  and 
RUBICON  will  be  zero. 

Another  issue  in  the  measurement  of  ASW  project  benefits  is  "Mtar»«til 
projects  are  claiming  the  same  benefits.  For  example,  both  KATE  and  RUB 
be  claiming  the  same  reductions  in  the  Firing  Room  manpower. 
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On  the  cost-estimation  side,  a similarly  complicating  issue  is  one  of  the  joint  use 
of  same  resources  (e.g.,  the  same  computer  and  communications  hardware)  by  many 
different  projects.  We  need  to  develop  a systematic  method  for  identifying  the 
incremental  changes  in  these  resources  brought  about  by  each  ASW  project. 

Costs  are  often  assumed  to  be  easier  to  measure  than  benefits.  However,  in 
identifying  exactly  what  costs  are  incremental,  there  are  many  issues  that  need  to  be 
resolved  particularly  in  the  contract  management  environment  at  KSC.  If  contractor 
compensation  is  based  on  head-count,  will  not  the  savings  in  direct  labor  on  one  task 
(brought  about  by  an  ASW)  be  simply  ’’absorbed"  (at  least,  in  terms  of  their  accounting) 
by  some  other  tasks?  If  demonstrated  savings  will  be  accomplished  only  in  future  years 
through  prudent  contract  negotiation,  such  a contract  negotiation  should  be  identified  as  a 
co-producer  of  those  savings. 

In  Stage  3,  the  idea  is  to  measure  the  changes  in  resources  in  their  physical  units, 
e.g.,  labor  hours,  CPU  hours,  etc.  Then  in  Stage  4,  we  attempt  an  explicit  valuation  of 
these  resource  changes.  Of  course,  we  may  deliberately  exclude  some  of  the  resource 
changes  from  this  valuation.  For  example,  as  long  as  the  replatformed  SCAN  meets  the 
desired  maximum  access  time  requirements,  we  may  not  place  an  explicit  value  on  the 
system's  actual  access  time.  On  the  other  hand,  certain  changes  that  could  not  be 
measured  (such  as  better  quality  of  information)  could  now  be  explicitly  valued  at  least 
in  subjective  terms  by  the  users  of  that  information.  This  is  possible  as  long  as  we  do  not 
insist  on  valuing  everything  in  dollar  terms.  Thus,  at  least  until  Stage  6,  some  changes 
may  be  valued  in  dollars  while  others  are  valued  on  a "user  satisfaction  scale"  of  1 to  10, 

etc. 


Separation  of  valuation  from  measurement  is  critical  in  the  multi-perspective 
analysis  I am  proposing.  It  allows  us  to  recognize  that  different  stakeholders  value  a 
given  change  in  resources  very  differently.  For  example,  from  a cost-plus-fixed-fee 
contractor’s  point  of  view  a cost  saving  has  no  positive  or  negative  value.  For  an  empire- 
building  manager,  the  reduction  in  the  manpower  under  his  supervision  has  a negative 
value.  If  a fixed  G&A  pool  will  be  collected  by  the  contractor  by  the  end  of  the  year, 
regardless  of  the  direct  labor  hours  involved,  should  not  G&A  be  left  out  of  the  rate 
NASA  uses  to  value  each  labor  hour  saved?  The  proper  labor  rates  to  use  in  Attachments 
B,  C,  and  D can  be  arrived  at,  only  when  issues  of  this  sort  are  resolved. 

For  many  other  resources  such  as  computer  hardware  or  office  facilities,  market 
prices  are  commonly  seen  as  an  "objective"  source  of  value.  However,  economists  point 
out  that  market  prices  are  not  value-free;  they  derive  from  a particular  income 
distribution  and  from  existing  institutional  and  legal  arrangements.  As  such,  at  times  it  is 
necessary  to  adjust  market  prices  to  reflect  specific  stakeholders  values.  For  certam 
benefits,  such  as  the  improved  quality  of  decisions  supported  by  an  ASW,  market  prices 
may  not  be  available  and  valuation  must  be  imputed  from  the  relevant  stakeholder  s 
beliefs,  attitudes,  and  preferences. 


244 


11 


Clearly  a number  of  assumptions  are  required  in  this  valuation  stage,  and  we 
must  not  forget  to  update  our  list  of  explicit  assumptions.  Sometimes,  during  v ua no 
we  realize  that  somethings  we  had  originally  decided  not  to  measure  can  and  nee 
measured.  Thus,  there  may  be  a feedback  from  this  stage  to  Stage  3. 

In  Stage  5,  the  explicit  values  must  be  adjusted  for  the  timing  and  uncertainty  of 
their  occurrence  It  is  in  this  Adjustment  Stage  that  we  must  also  adjust  for  he 
probabilities  of  exigence  of  .he  co-producers  of  ou,  benefhs.  These  adjos.meo.sofeo 

values  for  .he  various  assumptions,  e.  g„  al.emalive  discount  rates,  alternative  tunmgs 
occurrence  of  particular  events. 

At  the  conclusion  of  Stage  5,  the  analyst’s  task  is  complete.  In  Stage  6,  the 

decision-makerfs)  must  consider  ^ liTemlve. 

SotetoeTthu' Fi„0..T^^Htag«  may  provide  a clear  decision  regaxdmg  the 

we  may  have  to  repeat  the  entire  process  beginnmg  with  Stage  . 


Implementation  Requirements  and  Advantages 


2.4 



r srs  sSHESas; 

- tzzt,  a — - 

valuation  issues  may  be  already  resolved. 

• <**  - 

the  following  additional  by-products: 

(t)  No  additional  efforts  needed  to  justify  the  decisions  to  external  bod.es, 

from  the  — 

improving  the  probabUities  of  existence  of  those  co-producers. 
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3.  A Review  of  the  Current  CBA  Practice  at  KSC 

Before  I say  anything  else,  I must  say  that  I appreciate  the  willingness  of  the 
authors  of  the  CBAs  in  attachments  A through  D to  subject  their  studies  to  a 
methodological  review.  Given  that  they  had  no  background  or  training  in  the  relevant 
philosophical  and  economic  issues,  I admire  their  creativity  and  courage  in  authoring 
these  studies.  I mean  no  harm  or  insult  to  these  authors  when  I point  out  the  conceptual 
errors  in  their  methods.  I particularly  admire  them  for  recognizing,  on  their  own,  that 
most  of  their  numbers  were  simply  wild  guesses,  and  that  the  margin  of  error  in  their 
estimates  was  perhaps  very  large.  I am  most  encouraged  to  find  that  these  authors  are 
highly  interested  in  obtaining  the  necessary  background,  and  in  developing  a better 
methodology  for  the  future. 

In  Section  2, 1 have  already  commented  on  many  specific  conceptual  issues  in  the 
studies  represented  in  Attachments  A to  D.  I will  be  happy  to  provide  additional  detailed 
comments  and  suggestions  to  the  authors,  if  they  so  desire.  However,  here  I want  to 
review  the  overall  practice  of  CBAs  at  KSC.  In  the  light  of  my  proposed  methodology, 
we  can  observe  many  deficiencies  in  the  current  practice.  However,  two  important 
deficiencies  seem  to  be  the  root  causes  of  the  rest  of  them. 

First  CBAs  are  not  done  to  actively  assist  the  decisions  at  hand.  Instead,  they 
seem  to  be  produced  for  public  relations  (i.e.,  justification  of  past  decisions),  or 
documentation  requirements  (in  the  justification  of  a preferred  decision).  In  project 
review  meetings  I observed,  CBAs  were  often  introduced  casually  with  phrases  such  as 
"now  let  us  see  where  we  are  going  with  our  numbers."  In  other  words,  they  are  given 
little  credibility,  and  practically  no  scrutiny. 

Indeed  at  KSC  I have  observed  instances  where  managers  facing  complex 
problems  deliberately  avoided  CBAs.  I believe  that  this  practice  is  based  on  the  many 
misperceptions  of  what  a CBA  is,  and  how  it  can  assist  decision-making,  discussed 
earlier  1 hope  this  report  helps  correct  that  misperception.  At  the  same  tune,  as  wdl 
explain  in  a minute,  given  the  current  state  of  CBA  practice  at  KSC,  these  managers  were 

fully  justified  in  avoiding  CBAs. 

Second,  the  conduct  of  CBAs  is  left  to  the  initiative  of  software  engineers  who 
have  little  background,  training,  or  assistance  in  the  pertinent  methodology.  Thus,  eac 
study  seems  ad  hoc,  developing  its  own  methods  and  concepts.  Indeed  one  enginee 
suggested  that  it  was  KSCs  standard  operating  procedure  "to  build  a brand  new  road 
every  time  we  want  to  go  to  Orlando! 

Each  one  of  the  available  studies  seems  to  violate  one  or  more  of  the  fundamental 
principles  of  the  CBA  methodology.  None  of  the  studies  I exammed  tried  to  capture  a 
die  costs  and  benefits,  as  is  required  by  the  methodology.  None  of  them  made  all  of  t e 
underlying  assumptions  explicit,  or  estimate  probabilities  that  the  explicit  assumptions 
will  bl  valid.  Most  studies  did  not  seem  to  use  proper  base-lines  or  proper  projection 
methods Tthe  measurement  of  their  costs  and  benefits.  They  faded  to  separate 
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measurement  from  valuation,  and  to  address  the  many  issues  of  valuationfromthe 
perspective  of  the  multiple  stakeholders.  Even  the  more  commonly  understood  practices 
of  the  CBA  methodology,  such  as  adjusting  for  time  value  of  money  in  a multi-year 
stream  of  costs  and  benefits,  were  not  used  in  the  CB  As  at  KSC. 

In  short,  the  current  practice  is  seriously  deficient. 

Speaking  as  a professor,  I am  sorry,  but  I must  assign  an  F grade  to  this  practice. 
At  the  same  time  I must  add  that  despite  this  team  grade,  most  individuals  who  are 
C,v*'edT«rc^en.  practice  of  CBAs  ge,  unqualified  A grades,  n-eae  mdivtduaht 
have  been  doing  their  parts  sincerely  and  to  the  best  of  their  abilities.  ey  v 
been  very  cooperative  mi  candid  with  me  and  open  to  my  ideas_  As  wdl  be  clear  below, 
the  deficiencies  of  the  current  practice  are  not  the  fault  of  any  tndmdual. 

3.1  The  Vicious  Circle 

As  I think  about  the  two  root  causes  of  deficiencies  together,  I have  come  to 
realize  that  we  are  caught  in  a vicious  circle  which  can  be  described  as  below: 

. Available  CBA  studies  measure  only  selected  (not  ^1)  change^  bro^ght  about  by  the 
development  and  implementation  of  a given  ASW.  At  times  tney 

“ bower's  separate)  pohu  of  view.  Values  are  no.  adjusted  for  their  probabdu.s  or 
tinfing  of  occurrence.  Sensitivity  analysis  is  no,  done.  In  shod,  many  pnnc.ples  of  the 
CBA  methodology  are  violated. 


AS  CCTfocus  of  the  CBA  studies  is  primarily  on  the  quantifiable.  Very  important  but 

of  senior  managers,  the  values  of  the  contractors,  etc.,  are  no,  captured  by 
analysis. 


Then, 


Because  CBA  s do  not  capture  and  address  the  real  values  and  issues  and  because 
decisions  already  made. 


Thus, 


Management  allocates  few  resources,  and  leaves  the  conduct  of  CBAs  up  to  the 
initiative  of  the  software  engineers  involved  in  specific  projects. 


Next, 
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♦ Lacking  resources,  and  the  necessary  expertise  in  economic  analysis,  but  with  vested 
interests  in  justifying  their  projects,  courageous  software  engineers  use  creative,  but 
ad  hoc  and  unsound,  methods  to  conduct  their  CB  As. 

But  this  results  exactly  in  the  situation  described  in  the  starting  bullet  of  this  process,  and 
the  vicious  circle  continues! 

Figure  2 depicts  this  vicious  circle  graphically. 
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Figure  2. 

The  Vicious  Circle 
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4.  Conclusion  and  Recommendations 

I have  argued  that  ASW  investment  decisions  are  multi-stage,  varied,  complex, 
risky,  and  controversial.  Therefore,  we  need  a systematic  methodology  to  assist  rational 
ASW  investment  decisions.  I proposed  a fonnal,  explicit,  and  multi-perspective  cost- 
benefit  analysis  (CBA)  methodology  for  this  purpose.  I outlined  a number  of  rich 
concepts  and  principles  of  this  methodology,  and  described  a six-stage  process  for  its 
implementation.  In  the  light  of  this  methodology,  we  reviewed  the  current  practice  of 
CBAs  at  KSC. 

Although  I have  concluded  that  current  practice  is  seriously  deficient,  I believe 
that  most  NASA  employees  already  knew  that,  and  many  are  looking  forward  to 
improving  that  practice.  I think  my  principal  contribution  is  the  identification  of  the 
vicious  circle  we  are  in,  and  consequently,  my  primary  recommendation  is: 

Break  out  of  that  vicious  circle. 


The  methodology  I have  proposed  provides  one  exit  point  to  break  out  of  this 
circle.  The  other  exit  point  is  a change  in  management's  perception  of  what  a good 
methodology  can  do,  and  its  willingness  to  provide  adequate  resources  and  appropriate 
expertise  to  the  conduct  of  CBAs. 


250 


17 


References 

Middletown  PA.,  December,  1992. 

„ _ am  "U  Cost-benefit  Analysis  Beneficial?  Is  Cost-effectiveness  analysis 

2.  Gross,  A.  M.,  Is  Cost-beneni  in  Social  Welfare,  Brandeis 

Univerly,  Wfi! Di^ributedby  the  NaUmial  Technical  Information  Service  (NITS). 


251 


attachment  a a-1 


5. 
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ATTACHMENT  B B-l 


. t ..  Knowledec  Ufistd  Autonomous 

Costs  Benefits  Analysis  f“r  ♦['V^wHKATE) 


KATE  Is  » tool  f°r  bMllh  ■nonliorinf 

which  is  “«*.%£ 

forecasts.  «vc‘t^'*^«lopmeni  ami  deployment  of  mlelhpen  proc^  f , 

stated  ^'^.ftems  ate  hUheV  Infancy  .1  KSC'nuch  of  the  £^CB#iramlcll,  ,„ 
monitoring  syst  analysis  either  docs  not  exist  or  KATE  must  be  viewed 

detailed  cosi  bcncfiis  ana  ys.s^c ^ ^ ^ analysts  for  KA J of  lhc 

which  il  is  difficu  qualitative  and  speculative  slu, J existed  quantitative  Dollar 

as  being,  in  it  s essc,‘^'  ^ LfC  n Was  felt  sufficient  cost  dal*  * insufficient  cost  daia 

SS^SsSSS*- 

mT~.  - - --ssssss 

applications.  ^ ^ ^ esdma.es  for 

3 Since  at  die  current  time  only  ln 

SSSSUW  •'S,r^r.d-r.Wtno.nwlde.y..«n. 

economy  o f particular  Shuttle  system  Is  defined  as 

the  number  hr/FD  This  assumption  is  based 

measure  of  model <U  a,“  ‘"C,UdCS 


5.  A 
on  f 

neccessary 


neccessary  to  team  a.-  ^ . 

defined  as  dO.OO  t/hr.  ( approalmate  UiOC  rale). 
6.  Ilic  labor  rate  Is  dettneo  « 
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ORIGINAL  PAGE  !S 

Of  POOR  QUALITY 


SUMMARY  OF  ANALYSIS 


IMMEDIATE  IIENEFITS  ( < 3 yrs) 

1 . ICATE  can  draw  mMiJJI  °" 

analysis  of  measurement  mput.  po^  J^ycluclc  per  flow  may  be  realized  due  to 
console  alone  savings  of  @ $ f“r  daily  monitoring  operations  (non- 

Uiree  less  support  cnS‘nc*f* hSS&S  3 w-staUon  engineers  working  3 shifts  per  day 

sssis^nJ?  * *»■»  »*• wuuw  “*ua,c  ,o 

$ 900,o3o  per  year. 

POTENTIAL  BENEFITS  (>3yr«) 

2.  KATE  represents  one analytic al wrings  arc  in 

changing  the  knowledge  base  knowledge  base  for  each  class  of 

reduced  savings  arc® in  sustaining  engineering. 

reasoning  Sftwarc  Is  used  for  all  subsysrcms. 

2 | Estimated  Qosi  Pxnendiiures 

be 

@ $30  Million. 


•_ ^rakil  1 1 t/»C 


Note 

monitoring  — , --  . 

diagnostic  capabutues. 


control  and 
addition  of 


? ?,  Fiiimniffl  Cost  Saving* 

Sustaining  -gin^ndg  eosrs  for  . Ed»y  deployed  KATE  s,s,en,  on  a per  year  Us« 
arc  estimated  to  be  @ $ 5.67  Mtuton. 

Note  that  this  sustaining of  GOAL 
less  than  the  «SU,M‘^wnsl*f^TC^u^inhtg  engineering  cost  savings  for 

« *— w - 

@ $ 2.33  Million . 

Further  cost  savings ‘•J® 1 and 

MilUor,  per  year. 


B-3 


• may  be  mtood  on  . ye»rty  basis  ■«  '°  to 

The  total  costs  savtngs  that  may  « "" 

@ g 7“  S Million  P«  yo« 

, 1 ihn  sIm  of  launch  icwn  for  wi 

4 jfsssatsis’ihw 


Warn.  Ftrur  ~ 
Q0AL/7Y 
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appendix  a 


8 hr/fd 


RATE 


8000  64,000  hrs  @ 40.00  $/hr 

5600  44,800 

5600  44,800 

2400  19,200 

6500  52,000 

5100  40,800  ~~ 

5900  47,200 

6400  5 1 ,200 

4200  33,600 

2000  16,000 

I — 

7000  I I 2,000 

I — 

J 0,000  160,000 


COST/CONSOLE 


$ 27.80  M 


estimated  costs  for  knowledge  base  development 


to  take  into  account  the  uncertainty 


4,081  K ♦ 


4,963  K lines 


ESTIMATED  SIZE  OF  TOTAL  KATE 


C+  + 


APPLICATION 
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goal 


sustaining  engineering 


estimates 
7 million  LINES  OF 


goal  code  <e> 


,00  S/W  ENGINEERS  <®> 
U50C  LABOR  RATE  “ 40 

ONE  HAN  TEAR  “2000  hr 


sustaihimo  eMoiNEO''*"3  . 2ooo  hrs  x 40  * 

COSTS  eSTinMf 


1 00  B % 8 


ooo.ooo  $/Vr 


„ i.|^3  $/line 

7,000,000  Hnes 


KATE  ESTIMATE 


* 5,670,000  $/Yr 


POTENTIAL  NET  SAVINGS 

nn  , - 5.670,000  $/YR 

8,000,000  $/YH 


* 2,330,000  $/YB 


r 
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ATTACHMENT  c c-1 

9 

Excerpts  from  a CJ3A  of  OPSS 


CffilSfiVWQS  , if  iha  daily  scheduling  meeting 

, The  daily  scheduling  meetings  were  B3  houjs  of  ^*5^. 

iouKava  base  MU  «*>  C“a<.  *"X“  *£," K a' %«a<l  on  a .a, a a. 

"T  41ec:r,r"  *nfal" 

,ape'  ,0‘  “,e  pape' 

schedules. 


•illma  WaeKand  ovaillma  Is  l^^'wcl'mlcians 

3^U3sS^SS^^=^s 

*« ,educe  w 

conflicts-  st360  ov-102  ara  esllmalad  al  «5*».809- 

Total  coal  savings  lof  8T9  60.  ov 
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ATTACHMENT  D d 


HUB  I COM  COAT  AHM«Y8Ifl  STUDY 


jU_J!AaK_iiBflCIUmOM  . . ,n#  ,f  th« 

shuttle  o|>of«tiona . 


«ui  — - *■  >- 

• S.%  mSS.,. 

,.„o  following  Itemfl  .re  planned  for  Implement.^" 

» t)  u 

, ill  K«  incorporated  to  run  under  tme 

O The  MOT  CLIPS  portion  will  be  lncorpor.ce 

new  llUUfCOM  evetew.  ...  ^ 

. fe.olble  tl.e  noftware  developed  by  nocKweU  w 
° BPS  Heyetrokeel. 

O null l CON  moat  be  converted  to  run  under  MOTIP. 

. , ,hl lit  Ion  will  depend  on  tbo  direction  ay.tem 

to  ^ uult  teetl,,,,  *,e8d0,  , . 

n.  Tbo  H«n«ge»»n^l»^“®21*"rtf“?irl!!gVnoo..l  will  be  worked. 

remote  location  i . 

c.  Tbo  tr.namla.lon/f(d.t.ilrom! •»» 

»•  T,:s  ZVul% 

inalntalned  and  eupported. 


ORIGINAL  PAGE  IS 
OF  POOR  QUALITY 
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nUPICOH  COAT  flTUUY 


j|Tl  pnflTTIVI  rnflT 

A,  optlmUation  of  manpower  reeouroee 
Oeacriptlon. 

u5%  of 

the  time  the  vehicle  io  powered  up, 

2SS3  ^ - 

to  10  people  a i »hHitv  by  OPS  hardware  engineers 
method  for  ^rvi  vabili  tyby  budget 

to  continue  vehicle  »«P£  * of  uyptem  engineers  in 
cutbacks  Impact  tba ' «u“  en<lineer»  supporting 
the  group.  The  oumbe  ,educed  to  2 people  per 

:r‘iftl‘forrio?"ofd6^ople  a day  Without 
impacting  vehicle  testing. 


Avoid  opening  unneceeeary  lPR*e 

Deocrlpt  ion»  u»ve n t e d°  on** ^ J pft  e * 

date.  With  »*o  IPh/ln  researched  long 

XPH*fl  can  be  °P®"®dt£"*y tne  problem  wee  eeen  before 
enough  to  f i..d  ®^/^dition.  The  engineer  must 

*isr « ™ w«i— 

Eut  Savi,,0‘"  SJ2™*KSri--.  ...  »ver.«e  (“ver.ged 

ss-r.srs ; . r-v 

phoee  16  IPU'fl  that  I ...neae  problenta  were  either 
avoided  approximately  9.  |'ie®  [UQ  data  in  the  RUUICON 

addrenoed  OI‘  ^ffv{/°U*  Jf^d  underetand  the  problem  and 
database  could  have  eatlmated  coot  to  open  and 

avoid  opening  an  lyB.rheeotiat  doea  l|Qt  include 

‘K  required2 to° invest i gate  tbe  problem). 


* ■ " '• 


"Otto 


«*» 


Vi‘4, 


?K 

y 


. , Mvnidftnoa  of  »»  unn«os«B#rv  •or*,b 
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be  rationalized  ao  being  OK  to  launch  given  certain 

Sw  w-sss  ss&src  sa&“ 

launch  eciub. 

E»c  savings.  A minimum  «»  “UUon  woula  b®  r“U*“1' 

Tradeoff  M«w  «OM.  versa.  hUMCON  malntenanos  for  UPS  8*“Ca" 
display  monitoring* 

Doocr ipt Ion . ones JWOU ^dlSSw 

programn  will  no  longer  be  requ  re  Qn  tjie  qqm, 

Sum??™ K*»di™£.Xto  maintain  che  bubicon 
eyotem  monitor  poftware* 

Eac  Savings i No  cost  savings  but  no  sddiclonsi  cost  Incurred. 

B.  improved  training  for  new  hires 

Description.  When  ,,®w  'J^®2h*e*tenslvet training^  With  the  record 

23*  pJ^SST’S-' ?2Ss.r!XiiU15i.,S^:r~ 

can  bo  trained  uelng  nvntem  works.  Failures 

understanding  of  how.  the  OPS  y loo<|  to  problems, 
can  aloo  be  Inoerted  to  t««v  Uy  eeperate  from 

?M*Cc3*5U*JU"«C2JSS.  scheduling  conflicts  and 
reducing  the  impact  on  ocher  systems. 

On  the  software  daveiopmantolde.^s^co^uter 
^i°frrer2r^rritprCodrct!vST.t^c?.  shorter 

cl me frame* 

ESC  savings.  Savings  is  hard  to  determine  but  has  the  potential 
Eat  uavingui  ^ # olgUvlf leant  amount. 

tn 

r of f lc, /firing'  Boom  tool  to  reduce  the  time  it  t.K.s  to  find 
historical  Information. 

i . Tpn/Pft  hlntorlcal  data  and  the  PMW  muet  often  be 
Dene  r Ipt  loin  iPh/Ph  "llMlort  anything  from  general 

reoearched  to  nuppoit  aiiytnrng  roJbieol!OOt Ing 

,„anayement  queatlona/  accefla  database  for 

‘thereguLred  ln?or«tlo«  you  c.n  reduce  the.eanpower 
required  to  provide  the  neceooary  information. 

E„t  savings.  system  engineers  spending  .5  hours  per 
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i tl\a  RUBICON 

gffSi-sassB**  ■ p. --  - 

aa  20  minuteu. 

...  - —•* - -rzzzz  “ 

uroftdteo  to  monitoring  ° t*«0unt  t#chniQu®a 

p}»-vJ  ‘rw c>My 

can  he  devel?¥®adf inter  and  eaoler  in  tne  eted 

'ZS&&X&SK  th.  CCHS  a ""^Mve  h olde 

Eflt  Savings i uetjl f i cWo lH^iS H wl ?oW « ^ i. 

health  monitoring* 

.....  ,«•;•/..■  - “*  ™"“U““  " 

launch  vohloree*  r-an  t 


Dencrlpt Ion; 


cliea  to  monitoring  "‘((“"len^teolinlgo*" 

He^Tn?»d  evaluated.  It  environment  tl.ey 

SSeSJS*.j 

could  ha  nt  environment.  Conve  noted  thue 

Hr^u”»rrotetree^kuld  00  evolded  in  t,.e 

new* environment.  „iflnlf leant 

- — “ Sav|^lS“ 

new  approacliee  t hardware/oottware^  P winor 

•ocato  U the  ai  reuned  with  00  d lopment 

eoftwaro  module®  can  duclng  eottware  aev 

modi flcat lone,  great ry 
tlme/coatM. 

1 
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RUBICON  COST  ANAhY8lfl  STUDY 


IY.  NKOATIVP  COST  SAVIliQa 

A.  Dual  mo  lot*  nano  a a t OOAt  dlaplays  and  KUOICOM  8y«t««  Hanltor. 


Dcscript  lout 


Coat  impact t 


puriuu  tlio  timeframe  from  October  1993  until  ccms 
2 is  operational,  there  will  be  maintenance 
required  on  both  the  GOAD  noftware  aa  well  aa  the 
System  monitor  portion  of  UUOICON. 

wtli° require  approxiamtely  50%  manhour  increase  on 
maud i to i y design  center  change  packages.  There  were 
26  manddtory  change  drlvere  (that  impacted  the  12 
goal,  display  programs  that  DbBS  can  replace)  o 
the  paat  2 yeara  for  a total  of  approxlutately  550 
manhours . Thin  figure  doea  not  Include  the  bCC 
monitor. 

o.  additional  maintenance  required  to  maintain  Chips  ruiea. 

Deocriptloni  ® ^ ' 1 1 e lp«  rt’  •?•*•)»*>“ 1 o?  r 

includes  maintenance  on  the  ICC,  MDT  ana  any 
Chips  module. I 

cont  rmp.cc,  t„.n  .b.«M  In  th.  raduotlonol  ch. 

number  of  oyatem  englneera  required. 


c.  Additional  maintenance  required  for  database, 


Description; 


Cost  Impact; 


There  will  be  a email  Increaae  in  manpower  required 
to  maintain  the  databaae.  However#  automation 
routinee  wi 1 1 make  thla  taeK  a simple  procedure. 
Databaae  routlneo  can  be  run  while  other  taeka  are 
perforated.  , 

$2  100/yenr  (0  flowo/year  x 8 hr/flow  * 
it  will  take  an  eotimated  0 Itoura  per  flow  to 
maintain  the  databaae.  With  documenta  on  line  there 
would  be  leoa  need  to  manually  update  the  PaPe^ 
verolon  of  the  docuatenta,  A reduction  *n  docuuien 
dietrlbution  can  alao  be  realized  aa  well  aa 
reducing  the  amount  of  paper  uaed, 

p.  Additional  work  raqulrad  to  not  up  additional  CH  traoklno 
proGaduco# « 
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Oeucrlpt ion i 


Co at  Impact i 


The  Initial  development  of 

a minimal  impact  and  in  already  5ii  other 

he  a one  time  impact  that  iJ1K?4aXl 

proceuoea)  require  periodic  modification. 

-Knowj  ^ ..jou^noc 
that  are  being  developed  anyway. » 


office  hardware  maintenance  costs 

Deocrlptloni 


Coot  Impact! 


from  time  to  time. 

Pxact  coot  in  not  Known  at  thie  time.  The  ^p^uol 

Sanaa  as  ajsigrgs s^r— 

EK.at  cooc  l a not  known  «<-  t»io  tlK8' 


clips  validation. 

a-^sr 

► i?w»r>t-  coot  io  not  Known  at  thie  time. 
Coot  Impact!  exact  coat  r»  "MV 
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ABSTRACT 


untreated  aqueous  soybean  and  vh eat  l^ate^n^aerobically 

treated  wheat  leachate  prep  controlled  Ecological  Life  Support 
produced  as  a component  o Iona  duration  space  missions 

System  program  designed  to  suPp°5^  . ? characterization  has  been 

have  been  compared  and  general  chemical  faracte  ^ iiquid 

accomplished.  Solid  phase > extract J^ha^?is5ns  based  on 
chromatography  were  , absorption  properties  of  the 

chromatographic  and  ult^^ole^^J?ircompounds  were  not  , 
components  that  are  prese  • ^ ogition  related  to  the  initial 

presenc^of  pheno?-ii?e  compounds  and  their  disappearance  durrng 
aerobic  treatment  was  explored. 
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SUMMARY 


Aqueous  leachate  samples  prepared  from  soybean  and  wheat  crop 
residues  that  are  produced  as  a component  of  the  Controlled 
Ecological  Life  Support  System  program  designed  to  support  long 
duration  space  missions  have  been  compared  and  general  chemical 
characterization  has  been  accomplished.  Solid  phase  extraction 
and  high  performance  liquid  chromatography  were  used  to 
accomplish  comparisons  based  on  chromatographic  and  ultraviolet 
absorption  properties  of  the  components  that  are  present. 

Specific  compounds  were  not  identified,  however,  several 
compounds  known  to  be  present  in  these  plant  residues  were  use 
for  comparison  purposes.  General  composition  related  to  the 
nresence  of  phenol-like  compounds  was  explored.  The  raw 
leachatesand  aerobically  treated  leachates  are  highly  colored 
and  aqueous  fractions  of  the  leachates  exhibited  chromatographic 
nronerties  similar  to  flavonoid  and  tannin-like  materials. 

Aerobic  treatment  of  leachate  samples  removes  °r  converts  most  of 
the  discrete  phenol -like  constituents,  however,  flavonoid  or 
tannin  Uke  constituents  remain  after  aerobic  treatment.  An 
exhaust ivecharacterizat ion  is  not  a feasible  undertaking  because 
of  the  complexity  associated  with  leachate  composition. 
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Introduction 


The  Controlled  Ecological  Life  Support  Systems (CELSS)  program  has 
as  a main  objective  the  construction  of  a life  support  system 
that  will  provide  food,  water  and  oxygen  for  long  duration  space 
missions  and  will  allow  for  recycling  of  some  of  the  wastes 
produced ( 1 - 4 ) . An  ongoing  project  involves  growing  plants  under 
hydroponic  conditions.  The  plants  of  current  focus  include 
wheat,  soybeans,  lettuce  and  potatoes.  It  is  desirable  to 
recycle  non-edible  portions  of  the  plants  to  minimize  «aste 
product  buildup  and  to  minimize  the  need  for  additional  materia 
to  support  the  plant  growth  cycle. 

One  current  problem  involves  the  characterization  of  crop 
residues?  specifically  the  root,  stem  and  chaff  portions  of  these 
plants  The  water  soluble  leachate  of  these  dried  residu 
contain  both  inorganic  and  organic  constituents.  The  inorganic 
constituents  have  been  characterized  and  can  be  recycled  a 
fertilizer  in  the  growth  chambers  (5).  It  is  not  f g°ent 

natural  product  material  to  contain  m excess  of  100  different 
chemical  species.  Specific  fractions  might  include 
carbohydrates,  organic  acids,  polyphenols,  tannins  and  humic 
materials  A variety  of  analytical  techniques  are  typically 
employed  to  derive  solutions  to  complex  chemical  problems  of  this 

nature . 

This  report  describes  an  extension  of  a previous  study  (6) 
performedto  obtain  a basic  understanding  of  the  chemical  makeup 
of  the  organic  composition  of  water  leachate  solutions  deri 
from  crop  residues.  A specific  task  was  to  investigate  the 
composition  of  the  liquid  fraction  taken  from  an JT^the”  ^ 

that  is  designed  to  decrease  the  total  carbon  load  of  th 
leachate  (Strayer  and  Finger,  private  communication  1993).  A 
browr^coior  persists  in  the  biSreactor  and  increases  in  intensity 
as  the  leachate  is  used  to  replenish  the  hydroponic  solution. 

The  yellow-brown  color  associated  with  aqueous  systems  that 
contain  dissolved  organic  matter  is  typically  associated  with  the 
presence  of S tannic  and  humic  acids.  Color  can  also  be  associated 
with  the  presence  of  flavonoid  compounds.  Anthocyanins, 

f lavonols  and  flavones  constitute  this  J^nd  account 

compounds.  The  anthocyanins  are  intensely  colored  and  accou  t 

for  the  brilliant  colors  associated  with  many  flowers. 

Substituted  flavones  and  flavonols  tend  to  exhibit  ye  o*-  rown 
colors  that  deepen  as  concentration  increases.  Preliminary 
investigations  have  shown  that  the  organic  composition  of  th<r 
untreated  leachate  can  be  subdivided  into  broad  categories  wit 
complex  chemical  makeup  (6) . Potentially  useful  techniques  for 
characterization  of  the  leachate  include  liquid  chromatography, 
spectrophotometry,  gas  chromatography  and  mass  spectrometry.  e 

utility  of  High  Performance  Liquid  Chromatography  (HPLC)  , 

chemical  characterization  of  plant  products  can  be  demonstrated 
by  studies  such  as  reported  by  Lee,  et  al  (7)  where  separation, 
identification  and  quantification  of  sugars,  non-volatile  acids, 
flavones,  flavone  glycosides,  carotenoids  and  anthocyamdms  were 
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reported,  ft  photodiode  array  detector  was  used  to  characterise 
spectral  properties  of  each  class  of  compounds.  , , 

ISr  s=  »^:ly 

we^qht^less^than^iOOO^proanthocyanidin^with'^molecular  weights 
less  than  20,000  and  additional  compounds  with  molecular  weig 
near  200  are  also  present. 

_ •_„«  aa...j'u  ic\  i pachate  fractions  and  subfractions 

accounts  for  the  brown  color. 
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II.  Experimental 


2 . 1 CHEMICALS 

Acid  and  phenol  derivative  samples  were  purchased  from 
Aldrich  Chemicals  with  the  exception  of  Narxngxn,  Coumarin  - 
hydroxycoumarin  and  4 -methyl  - 7 - hydroxycoumarxn  and  Mor xi purchased 
were  purchaced  from  J.  T.  Baker  and  Quercetxn  whxch  was  purcnasea 
from  from  Eastman  Chemicals.  Methanol  and  acetonxtrxle 
grade  purchased  from  Fisher  or  J.  T.  Baker.  Water  was  obtaxn 
from  aPHydrodyne  Ultrapure/Picopure  purification  s^em  "hxch 
provided  18  megohm  water  filtered  through  a 0.45/x 5;  o 45u 
HPLC  mobile  phase  solvents  were  Altered  through  Nylon  66  0.  M 
filters  prior  to  use.  All  aqueous  based  mobxle  phases  were 
nrenSd  fresh  at  three  to  four  day  intervals.  Standard 
solutions  of  the  various  analytes  were  prepared  xn  methanol  at 
concentrations  of  200-1500  ppm.  All  a™1****?^™*^  theS6 
concentrations  were  stable  and  were  stored  at  4 C as  a 

precaution . 

2 . 2 INSTRUMENTATION 

Routine  HPLC  was  performed  using  a ^^J^^^i^Solvent 
included  a PE  Series  4 LC  preprocessor  Controlled  Solvent.^  ^ 

Delivery  System,  Rheodyne  7125-075  rota^T  _ble 

III  samole  loop  reverse  phase  column  and  LC  85B  VarxaPie 
Wavelength  Spectrophotometric  Detector.  Chromatograms  were 

^afin^^^ 

“aira^bancro^.^ni^n^O  A§FS?  Ls°pr£id^d  £?om  the  LC 
fltR  to  attemation  of  1024  on  the  Computing  Integrator  is 
reauired  to  display  the  entire  5.0  unit  absorbance  sea  e ° 

was  used,  that  attenuation  xs  reported  relatxve  to  tne 
attenuation  of  16. 

Several  different  mobile  phase  compositions  were  evaluated, 

&SJ32  . 

^r^tf^'mi^A  i 4.6  mm  Altex  Econocil  C„  column  with 

C°  guard  cartridge  was  used  for  all  chromatograms. 
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Ultraviolet  absorption  spectra  were  obtained  using  either  a 
Perkin- Elmer  552  UV- Visible  spectrophotometer  with  Hitachi  Model 
52  X-Y  recorder  for  output  or  a Beckmann  Model  DU- 64 
microprocessor  controlled  UV-Visible  spectrophotometer.  UV 
spectra  were  obtained  as  aqueous  methanol  dilutions. 


2 . 3 LEACHATES 

Three  different  leachate  samples  were  investigated.  A soybean 
leachate  sample  dated  3/26/93  was  obtained  from  Dr.  Jay  Garland. 
Most  studies  centered  on  wheat  leachate.  The  biomass  identified 
as  BWT-931,  level  3 was  used  to  prepare  fresh  leachate  as 
previously  described  (6).  These  samples  were  stored  frozen  until 
used  Several  samples  of  aerobically  treated  wheat  leachate  were 
obtained  from  bioreactor  ISAB-2.  After  daily  removal  of 
approximately  1 liter  of  bioreactor  slurry,  the  addition  of  40g 
dry  biomass  and  sufficient  water  to  maintain  the  bioreactor 
volume  at  8 liters  was  performed.  Bioreactor  liquids  were 
obtained  as  subsamples  of  the  slurry  that  had  been  removed  or 
were  drawn  directly  from  the  bioreactor. 

2.4  SOLID  PHASE  EXTRACTION  (SPE) 

Most  leachate  sample  were  partitioned  into  fractions  prior  , 

HPLC  investigation.  Partitioning  was  accomplished  using  Sep- Pa 
Bond- Elute -SAX  cartridges  (100  mg  sorbent  bed)  from  Analytichem 
international,  300  mg  sorbent  bed  -C1S  PrepSep  cartridges  from 
Fisher  Scientific  (-Ct8PS)  , 1000  mg  sorbent  bed  -CI8  and  -CH  or 
100  mg  sorbent  bed  -Cl8,  -C8,  -C2  from  Altex  Cartridges  were 

conditioned  prior  to  use  by  washing  with  multiple  aliquots  of 
methanol  and  multiple  aliquots  of  water.  Flow  was  controlled  at 
less  than  1.0  ml/min  by  vacuum  applied  to  the  cartridge. 
Accurately  measured  aliquots  of  leachate  sample  and  eluent  were 
used  to  selectively  partition  components  and  elute  leachate 
fractions  from  the  Sep-Pak.  Leachates  were  filtered  through 
0 45u  Nylon  66  filters  before  SPE.  Treatment  of  samples  by  SPE 
resulted  in  several  eluent  fractions  depending  on  the  specific 
scheme  employed.  Table  1 summarizes  the  specific  fraction 
labelling  scheme  that  was  used.  The  SPE  procedures  were 
accomplished  by  eluting  the  SPE  cartridges  with  the  following 
solvents:  Water  which  resulted  in  fraction  f2  20:65:15  (v/v) 

methanol: water: acetonitrile  for  fraction  20:65:15:0.3 

methanol:  water -.acetonitrile:  phosphoric  acid  for  fraction  fE3,  a 

20:65:15:1.0  methanol : water  -.acetonitrile:  phosphoric  acid  tor 
fraction  fE10.  In  several  situations  multiple  portions  of  a 
sinqle  eluent  were  collected.  When  this  occurred  the  fraction 
designation  was  expanded,  e.g.  f2A,  F2B,  etc.  to  represent 
collection  of  multiple  water  fractions.  All  leachate  samples  and 
SPE  fractions  were  stored  frozen  at  -4  °C  and  were  warmed  to  room 
temperature  prior  to  use . 
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III. 


RESULTS  AND  DISCUSSION 


3 . 1 representative  compounds 

Preliminary  experimentation  focused  on  the g^ha^ar e^ommonly 

rS  l included^severalSf  lavonoid 

compounds.  Chromatograms  that  demonstrate  the  ^P^ions 
lQ  mivMires  of  related  compounds  are  presenueu 

Figure  2.  HPLC relented°i ntTable°2talThese°obse^ations0suggest 
SS°Sf  seplrl^f  ^rlf  Lp  ax  mixtures  ^t  he  shapes  o£ 

^rnfs  iL^r^^nefr^dentical ^-ention  time^  ^ther 

Table  3.  different  on  different  SPE  stationary  phases.  For 

is  drastically  different  on  an  efficiency  when  water  is 

example,  the  chlorogenic  acid  partition 
uSS  as  eluent  varils  from  95%  on  -C,  to  0%  on  -C„PS. 

3.2  LEACHATE  SOLID  PHASE  EXTRACTION  AND  CHROMATOGRAPHY 

Leachate  composition  is  very  complex  (6) • p^Jr|gOPgSg5itiaie  The 
qpp  to  obtain  simpler  fractions  prior  to  HPLC  is  essenuidi 

use  o?  various  SPE  reverse  phase  cartridges  allows  for 
fractionation  by  removal  of  n°*P°*a*  p^ggage  through  the 
components  from  the  aqueous  s P nrpfprential  solubility  of  each 

cartridge . Removal  : VtSer  or^he o?gan!c  ?unc?ional  group 
considered  component  m water  or  _Jn®h_  SpE  cartridge.  The  SPE 

a?!r«r«idgehwm  Cctlo  remove  negatively  charged  ionic 

sp“ies  £rom  aqueous  solution  based  upon  ion  exchange 

interaction. 

Conditions  for  SPE  extraction  of  various  ^e^h^iJaiPleThSse 
aerobic  reactor  liquid  phase  are  fractions.  The  number 

of^f raction^i^determined 

n^i|i iKSg^n1^6 

reportethatUpresentsethe  HPLC%hromatogram  for^the^designated^^ 

fraction  (Figures  4 - 12) u in  ^ 3orbent,  typically  -SAX 

subiected  to  another  SPE  3hromatogram9  displayed  in  Figures  5 

^d97rd3emonstra“dthe’  influence  of  SPE  sorbent  selection  upon 


sample  fractionation.  Considerable  differences  (see  Figures  5 
and  7)  are  observed  when  using  1000  mg  cartridges  of  -C,8  and  -CN 
sorbents.  The  -CN  sorbent  was  used  exclusively  in  the  previous 
study  (6) . Elution  volumes  were  dictated  by  sample  and  sorbent 
bed  size  and  visible  observation  of  colored  band  accumulation  and 
movement  through  the  sorbent  bed  as  a particular  eluent  was 
applied.  For  example  in  SPE  Sequence  9/Figure  10  the  apparent 
irregular  size  of  eluent  aliquots  used  was  dictated  by 
observation  of  yellow-brown  band  movement  through  the  sorbent 
bed.  The  success  of  this  approach  can  be  found  when  the 
chromatograms  for  the  various  fractions  are  evaluated  (see  Figure 
10) . Figures  5-7  represent  fractions  and  subfractions  from 
soybean  leachate  and  demonstrate  the  complexity  of  the  samples 
and  the  utility  of  using  a combination  of  SPE/HPLC  for 
characterization.  Figures  8-11  provide  parallel  information 
regarding  untreated  wheat  leachate.  The  comparison  with 
chromatograms  for  aerobically  treated  wheat  bioreactor  liquid 
(Figure  12)  becomes  dramatic. 

The  ability  of  organic  molecules  to  absorb  UV  radiation  is  a 
function  of  chemical  structure  and  bonding  considerations.  Each 
compound  will  absorb  over  a somewhat  characteristic  range  of 
wavelengths.  Chromatogram  appearance  can  therefore  be  influenced 
by  selection  of  monitoring  wavelength.  Chromatograms  displayed 
in  Figure  4 demonstrate  this  effect.  Wheat  leachate  fractions 
were  chromatographed  and  monitored  at  four  different  wavelengths. 
The  changing  amplitude  of  the  peaks  appearing  at  approximately 
15.3  minutes,  at  approximately  19.6  minutes  and  the  band  that 
appears  over  the  25  - 45  minute  interval  demonstrates  how 
selection  of  wavelength  can  influence  chromatogram  appearance  and 
provide  basic  information  regarding  composition.  At  the  same 
time  it  can  be  possible  to  derive  some  information  about  compound 
identity  from  peak  amplitude  changes  that  are  observed.  For 
example,  the  peaks  at  17.3  and  19.5  minutes  which  do  not  appear 
in  the  chromatogram  obtained  at  320  nm  rules  out  flavonoid  type 
compounds.  The  UV  absorption  spectra  for  flavonoids  exhibit 
relatively  strong  absorption  in  the  300  to  400  nm  range. 

The  UV  spectra  (Figure  3)  compliment  those  presented  previously 
and  include  compounds  that  were  not  available  for  earlier  study 
(6) . For  example,  spectrum  CfA  is  from  a cinnamic  acid 
derivative,  Spectra  A,  B and  CRY  are  from  polyhydroxy  flavones, 
spectrum  NGN  is  from  a poly hydroxy flavanone  and  R is  from  a 
f lavone-rutenocide . Other  spectra  displayed  in  Figure  3 are  for 
compounds  commonly  found  in  various  plant  species . 

The  use  of  UV  spectral  properties  for  identification  is  limited 
in  a positive  sense  because  these  spectra  are  devoid  of  spectral 
fine- structure  that  is  present  in  other  techniques  such  as 
infrared  and  nuclear  magnetic  resonance  spectroscopy  and  mass 
spectrometry.  It  is  an  ideal  choice  as  a detection  technique  for 
HPLC  because  instrumentation  is  relative  simple  and  inexpensive 
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and  it  allows  detection  to  take  place  at  very  low  concentrat 
levels . 


ion 


3.3  AEROBICALLY  TREATED  LIQUID 

Before  leachate  is  used  in  a plant  growth  chamber  it  is  treated 
aerobically  to  reduce  the  total  carbon  content.  This  treatment 
results  in  the  conversion  of  carbohydrates  and  sugars  to  carbon 
dioxide  which  is  removed  from  the  system.  The  organic  content  of 
the  bioreactor  liquid  is  decreased  considerably.  A persistent 
brown  color  characterizes  the  untreated  and  the  treated  leachate. 
Various  samples  of  bioreactor  liquid,  designated  ISAB-2,  SPE 
Sequence  15/Figure  12  were  subjected  to  SPE  and  HPLC  of  the  SPE 
fractions.  The  chromatograms  that  were  obtained  from  bioreactor 
samples  obtained  30  min.  after  start  of  feeding,  at  20  min.  after 
completion  of  feeding  and  at  21  hours  after  completion  of  feeding 
demonstrates  the  effectiveness  of  the  treatment  in  modifying 
composition.  Chromatograms  show  a total  lack  of  the  individua 
resolvable  peaks  that  are  present  in  untreated  wheat  leachate  SPE 
fractions  that  are  obtained  by  the  same  procedure,  see  Figure  9. 
The  observed  behavior  was  verified  based  on  Sequence  17  where 
samples  were  taken  2 hours  before  feeding,  at  30  *££0  t:he 

feeding  and  20  min.  after  completion  of  feeding.  It  appears  that 
simple  phenolic  and  polyphenolic  compounds  are  comsumed  by  the 
aerobic  digestion,  however  compounds  that  are  responsible  for  the 
brown  solution  color  are  not  totally  removed.  The  chromatograms 
from  fractions  f2  and  fE.3  (Figure  12)  suggest  the  presence  of  two 
qroups  of  compounds  that  provide  the  broad  band  peaks  m the 
corresponding  chromatograms.  Both  fract ions . contain  brown 
colored  material  but  because  the  retention  times  associated  with 
the  bands  a?e  different  some  chemical  difference  in  structure  is 
suggested.  In  addition  the  fraction  f2  chromatograms  in  Figure 
12  have  peaks  that  elute  near  the  column  void 

minutes.  UV  spectra  of  collected  eluent  from  various  HPLC  runs 
vield  soectra  with  absorption  maxima  near  280  nm  for  these 
rapidly^eluting  peaks . 5v  spectra  for  f 1C  and  £E„  fractions  are 
similar  with  absorption  band  shoulders  from  260-300  nm  and  270- 
320  nm,  respectively.  In  addition  absorption  band  Jailing  occurs 
beyond  400  nm  and  450  nm,  respectively.  These  spectra  appear  to 
be  auite  similar  to  flavonoids  such  as  Biochanm  A,  Crysi  , 
Naringenin  and  Rutin  but  they  are  not  similar  to  a tannic  aci 
sample  which  exhibits  an  absorption  maximum  below  280  nm  and 
little  absorption  beyond  310  nm.  Two  commercially  available 
tannic  acid  samples  were  used.  Both  exhibited  non-specific 
partitioning  on  -Cu.  Multipeak/bands  were  present  in  all 
fractions  from  fl  to  fE,.0  and  were  not  similar  to > the ^fractio 
chromatograms  obtained  from  the  bioreactor  liquid  samples^  It  is 
possible  that  a thorough  spectrophotometnc  study  of  t 
fractions  will  provide  additional  insight  regarding  compositi 
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IV . SUMMARY  COMMENTS 

The  use  of  solid  phase  extraction  and  high  P®^0^a^„eralUld 

ln 

th^Controlle^Ecologica^Lif e Support  Syste^progra^ha^been 

=n^fuce  to 

ssss-**-1 

can  De  tract  JJ  . f involved  study  to  determine 

provides  the  ba  performance  liquid  chromatography  using 

STtb.  -t|tiOr„ntooLrs  -astcnturtberf 

iSdividualZcompoSnds  of  unique  structure^and^other^groups  of 

S determineCthe°UndS 

co^ounds^that^are^produced^y^many^crop  J^ahbs^jfa^aot^present 

in  measurable  quantities  in  ibl  that  reiated  compounds  are 

SS£5£.  ^aviorfObserved.onAerobic 

treatment  produces  a liquid  t at  is  *3thig  wor]c  ghould  include  the 
ident if ication^of ^ome  of  these  compounds..  Once  identified, 
controlled  experiments  that  relate  ^Pg^STSsSSt.  enriched 
hydroponic^olution^used^in  the  growth  chamb  ers  will  be  becaus£ 

ofSthe^complexityaassociated^withrthe^leachate^c^position^  m 

composition^ashlong  as^a^general^understanding^of ^the^type^of 

toTnderstaSl  thfr^niayed  by  these  compounds  in  the 
hydroponic  solutions. 
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OH 


Apigenin (F . W.  270.24) 


Chrysin(F.W.  254.24) 


Naringenin (F. W.  272.26) 


Rutin(F.W.  664.57) 


OCH3 


3'  ,5 
f lavone 


7 -trihydroxy- 4 1 -methoxy 
7-rutinoside  (F.W.  608.56) 


CHiCOOH 


N 


Indole-3 -Acetic  Acid(F.W.  175.19) 


7 -Hydroxy- 4 -Methyl 

Coumar in ( F . W . 176.17) 


CH=CHCOOH 


OH 


Uracil (F.W.  112.09)  Caffeic  Acid(F.W.  180.16) 


Figure  1.  Structures  of  Some  Representative  Compounds. 
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Time,  minutes 


Figure  2 . HPLC  Chromatograms  of  some  Representative  Compound 
Mixtures  Measured  at  280  nm.  See  Table  2 for  identification  of 
peaks.  See  text  for  chromatographic  conditions. 


Compound 

ual  ml 

IAA 

lndole-3-acetic  acid 

7.9 

1 

Indole 

1.9 

CfA 

Caffeic  Acid 

3.6 

NGN 

Naringenin 

7.5 

H 

Hesperidin 

12.0 

R 

Rutin 

13.9 

A 

Apigenon 

2.7 

CRY 

Chrysin 

3.6 

x-axis  represents  200nm-450nm. 


Comoound 

B 

Biochanin  A 

U 

Uracil 

HC 

7-hydroxycoumarin 

C 

Coumarin 

HMC 

7 -hydroxy-4  -methyl 

coumarin 

TA 

Tannic  Acid 

z/Q/ml 

2.8 

8.2 

7.1 

8.0 

4.8 

8.4 


y-axls  1.0cm  represents  0.25  Absorbance. 


Figure  3.  Ultraviolet  Absorption  Spectra  for  Selected 
Representative  Compounds. 
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o 

CO 


vO 

CO  vO 


Figure  4.  Chromatograms  of  a Wheat  Leachate  SPE  Fraction 
Obtained  at  Several  Wavelengths.  See  Figure  9 for  specific 
identification  of  sample,  SEQ.  9,  fEJA. 
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Fiqure  6.  Chromatograms  for  Comparison  of  a Subtraction  from  a 
Soybean  Leachate  Fraction  (see  Figure  5,  fE„)  Partitioned  on 
SPE  -SAX  and  Measured  at  280  nm. 


320  nm 


A.  30  Minutes  after  start  of  tee<?1  . 

B 20  Minutes  after  completion  of  feeding.  . 

cl  21  Hrs . after  completion  of  feeding,  feed  duration 

hrs . 


Table  1.  Conditions  Used  for  Solid  Phase  Extraction 
of  Soybean  and  Wheat  Leachates. 


SPE  Fraction  Scheme  and 
Cartridge Designation 


Soybean,  4.8ml 


fEB(seq.  7) 

0 . 28ml 
fEA(seq.  7) 

0 . 2 8ml 

Soybean,  4.8ml 
Wheat,  0.8ml 
Wheat , 9 . 6ml 


fE.3B  (Seq.  9) 

0 . 2 8ml 
fE3C(Seq.  9) 

0.35ml 

f 2 (Seq.  9),  0.8ml 

Wheat , 0 . 5 ml 
pH  2 

Wheat , 0 . 5ml 
pH  8.5 
ISAB-2 

1 ml,  day  14 
ISAB-2 

1 ml,  day  14 
ISAB-2 

1 ml,  days  25 
and  28 
ISAB-2 
day  52 

Tannic  Acid 

1 ml,  5000  ppm 
ISAB-2 

1 ml,  day  59 


lOOOmg 

-C18 

lOOmg 

- SAX 
lOOmg 

-SAX 

lOOOmg 

-CH 

lOOmg 

- SAX 
lOOOmg 

-C18 

lOOmg 
-SAX 
lOOmg 
-SAX 
lOOmg 
-SAX 
lOOmg 
-C18 
lOOmg 
-C18 
-C18 (1) 

- SAX (2 ) 


1.6ml  f2 
1.0,  2x0. 5ml  fE 
1 . 0ml  f E j 
2x0. 4ml  fE 
2x0. 3ml  f E 3 
see  Seq.  7A 

see  Seq.  7 

2x0. 4ml  fE 
4x0. 4ml  fE3 
1.6ml  f2; 

0.8,  0.6,  1.5,  1.1  ml 
f E 3;  2x1. 6ml  fEI  0 
2x0. 4ml  f E 3 
2x0. 4ml  fEt0 
see  Seq.  9B 

see  Seq.  9B  and 
2x1 . 6ml  f E,  o 
0.5ml  f2,  fE3,  fEj0 

0.5ml  fl/2; 
see  Seq.  10 
0.5ml  f2,  fE,  fE3 
and  f E,  o 

see  Seq.  12  -C18 


- C18 (1,3)  1.0ml  f 2 , 0.5ml 
-SAX  (2, 4)  0.5ml  fE,  fE3,  fE,0 


-C18 


lOOmg 

-C18 


2x1. 2ml  f2;  0.8,  1.2, 
2x0. 8ml  f E 3;  3x0. 8ml 
f E[  o 

0.4ml  f 2 ; 0.8ml  fE; 
0.4ml  fE3;  0.6ml  fE10 
0.5ml  fl/2;  1.0ml  fE; 
0.5  ml  fEj 


SPE  Seq.  / 
. Reference 

7/5 


7A/  6 


7/7 

8/8 

9/9 


9B  / 

9C  / 11 
9W  / 10 
10  / 

11  / 

12  / 


14  / 


15  / 12 


17  / 
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Table  2 . Representative  Compounds  Used 
in  Chromatographic  Studies 


Compound 


Biochanin  A 
Caffeic  Acid 
Catechin  Hydrate 
Chlorogenic  Acid 
Cinnamic  Acid 
Coumaric  Acid 
Coumarin 
Ethyl  Vanillin 
Ferulic  Acid 
Gallic  Acid 
Hesperidin 
7 - Hydroxycoumar in 
7 -Hydroxy- 4- 

me  thy 1 coumarin 
p-HydroxyBenzoic  Acid 
Indole 

Indole- 3 -Acetic  Acid 

Morin 

Nar ingin 

Naringenin 

Protocatechuic  Acid 

Quercetin 

Rutin 

Salicylic  Acid 
Syringic  Acid 
Uracil 

Vanillic  Acid 
Vanillin 


Abbrev . 


HPLC  Retention  Time,  min, 


B 

51.7 

- 

51.8 

Cf  A 

31.9 

- 

32 . 5 

CtH 

26.8 

- 

27.0 

CIA 

29.6 

- 

29.9 

CnA 

44.1 

- 

44.4 

CA 

36.3 

36.4 

C 

39-7 

- 

40.7 

EV 

37.7 

- 

37.9 

FA 

37.1 

- 

37.4 

GA 

16.7 

- 

17.2 

H 

38.7 

- 

39.0 

HC 

35.2 

- 

35.6 

HMC 

47.3 

- 

47.6 

pHBA 

28.1 

- 

28.7 

I 

42.0 

- 

42.6 

IAA 

37.1 

M 

42.9 

- 

43.6 

Nar 

37.9 

- 

38.3 

NGN 

44.9 

- 

45.2 

PCA 

22.7 

- 

23.2 

Q 

45.0 

- 

45.3 

R 

40.2 

SA 

41.2 

- 

41.9 

SGA 

32.1 

- 

32.9 

U 

39.4 

VA 

30.8 

- 

31.3 

V 

32.9 

- 

33.4 
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Table  3.  Solid  Phase  Extraction  Partitioning  Efficiency 
of  Selected  Representative  Compounds  on  Four 
Different  Extraction  Cartridges 


Compound 

fiQ* 

lOOrna 

-c,, 

300ma  -C,.PS 

fl/2 

fE 

f E 3 

fl/2 

fE  fE, 

Gallic  Acid 

5.2 

100 

100 

Protocatechuic  Acid 

10.4 

100 

85 

15 

Catechin  Hydrate 

2.1 

. 67 

33 

100 

Chlorogenic  Acid 

2.2 

50 

50 

100 

Caffeic  Acid 

5.2 

62 

31 

7 

95  5 

Syringic  Acid 

10.0 

54 

42 

4 

97  3 

a r\  r n 

7 - Hydroxycoumar in 

5.3 

22 

78 

40  60 

Naringin 

11.7 

2 

91 

7 

33  67 

Coumarin*’ 

12.0 

5 

95 

9 91 

Uracil” 

2.5 

Indole 

5.6 

81 

13 

6 

Cinnamic  Acid 

5.2 

68 

23 

9 

20  80 

ComDound 

ml 

lOOrna 

-C2 

lOOmcj  -C, 

Gallic  Acid 
Protocatechuic  Acid 
Catechin  Hydrate 
Chlorogenic  Acid 
Caffeic  Acid 
Syringic  Acid 
7 - Hydroxy coumar in 
Naringin 
Coumarin** 

Uracil** 

Indole 

Cinnamic  Acid 


95 

72 


5.2  100 
.10.4  100 

2.1 
2.2 

5.2 

10.0 

5.3 
11.7 
12.0 

2 . 5 

5 . 6 
5.2 


100 

5 

28 


64  33 

100 
93 
98 


7 

2 

2.5 


41 


100 

58 


100 

100 

86  14 

87  13 

92  8 

93  7 

56  44 

4 88  8 

15  84  1 


92 

79 


8 

20 


See  text  for  SPE  cartridge  descriptions. 

1.0  ml  of  12  component  standard  added. 

fl/2  1.0  ml  water  except  2.0  ml  water  for  ClgPS . 

fE  and  f E 3 1.0  ml  each. 

Compounds  not  resolved  in  chromatogram.  Partitioning 
efficiency  reported  represents  a combination  of 
recoveries  for  the  two  compounds. 


299/300 


lP)qyol$7(c> f 

N 9 4 - 2 3 2 4 2 


1993  NASA/ASEE  SUMMER  FACULTY  FELLOWSHIP  PROGRAM 


JOHN  F.  KENNEDY  SPACE  CENTER 
UNIVERSITY  OF  CENTRAL  FLORIDA 


\ 


RACK  INSERTION  END  EFFECTOR  (RIEE)  AUTOMATION 


PREPARED  BY: 

ACADEMIC  RANK: 

UNIVERSITY  AND  DEPARTMENT: 

NASA/KSC 

DIVISION: 

BRANCH: 

NASA  COLLEAGUE: 

DATE: 

CONTRACT  NUMBER: 


Dr.  Narasimha  S.  Malladi 

Associate  Professor 

Tuskegee  University 

Department  of  Mechanical  Engineering 


Mechanical  Engineering 

Special  Projects 

Bill  Jones 
Todd  Graham 
Allan  Littlefield 
Tom  Woods 

August  11, 1993 

University  of  Central  Florida 
NASA-NGT-60002  Supplement:  11 


3"£::0 


PMCCDiNG  PAGE  BLANK  NOT  FH.MED 


301 


acknowledgments 

The  author  gratefully  acknowledg^ 

=SSSS3k^®SS«5» 

all  this,  may  God  bless  all. 


ABSTRACT 


S rSSrl*£S'isrs.-“ 

In  this  report , for  the  automation  AID  SSSta  rfS 

iSS  ^ *he 

SSJ f“  v**»  ’“s""1'"'  ■nd  fmal  ms'mon  of  *' Rack- 

IS5£T^*S!253r— £5SS«. 


TABLE  OF  CONTENTS 


1 . INTRODUCTION 

2 . THE  RIEE  MECHANISM 

3 DETERMINATION  OF  THE  COORDINATES  OF  THE  TARGETS  IN  THE 
CAMERA  FRAME 

4 DETERMINATION  OF  COORDINATE  SYSTEM  ATTACHED  TO  THE  RACK 
INTERFACE  PLATE  ROTATION  AXIS 

5 SUPPORT  COORDINATES  IN  BOOM  ROBOT  COORDINATE  SYSTEM 

6 DISPLACEMENTS  IN  THE  BOOM  ROBOT  AND  THE  RIEE  MECHANISM 

7 . CONCLUSIONS  AND  RECOMMENDATIONS 

8.  REFERENCES 


303 


RACK  INSERTION  END-EFFECTOR  (RIEE)  AUTOMATION 
Narasimha  S.  Malladi,  1993  Summer  Faculty  Fellow,  Tuskegee  University 


1.  INTRODUCTION 

RIEE  relative  to  the  logistic  module  and  a MathCad  program  is  written  to  compute  and  display  the 
displacements  required  to 

1)  Align  the  RIEE  relative  to  the  logistic  module  to  prepare  for  final  insertion  of  the  Rack,  and 

2)  Translate  the  Rack  Rotation  attis  and  rotate  the  Rack  about  it  for  tire  Final  Insertion. 

The  above  displacements  are  used  for  the  actuation  of  motors  to  be  incorporated  in  the  Improved  RIEE 
Mechanism. 

“dt^ 

integrated  Vision  System  can  be  quickly  developed  and  tested. 


2.  THE  RIEE  MECHANISM 


The  RIEE  is  a space  mechanism  with  5 degrees  of  freedom.  It  has  12  links  and  1 5 joints  It  is  used  to  align 
thTan^of  mtatKmof  the  Rack  and  perfonn  the  final  insenion  of  tta  Rack  ~ 
boom,  carrying  the  RIEE,  has  4 degrees  of  freedom.  Fig.l  and  Fig.2  show  the  RIEE  retracted 
installed  positions  as  per  drawing  set  # 82K0393 1 . 


Fig.  1 
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Fig.  2 


3.  DETERMINATION  OF  THE  COORDINATES  OF  THE  TARGETS  IN  THE  CAMERA  FRAME 


To  insert  the  rack  we  have  to  know  the  positions  of  the  rack  attach  points  on  the  module,  shown  as 
1°  “ ^s^DoTpo^  fS)  in  tire  Fig.  3 below.  In  the  following  analysis,  we  derive  the  expressions  for 
the  coordmatesPof  the  left  and  right  lower  support  points  by  getting  the  images  of : spherw^ al  arge  s 

cn-snended  vertically  from  the  supports  employuig  a set  of  two  cameras  for  each  target.  I ne  nrgure 
shows  the  relationship  of  the  cameras  to  the  targets  in  the  y-z  plane  of  the  boom  coordinate  sys  e 
carrying  the  RIEE  mechanism  The  R1EE  mechanism  has  2 end  effector  pomts  on  the  left  and  ng 
sides  shown  by  lettterE^id  a .op  end  effector  point  P Kffeme.  views  of  this  mechanism  can  be 
studied  in  the  set  of  drawings  #89K03931.  The  points  shown  in  tire  figure  carry  prefixes  R for 
"Right"  and  "L"  for  "Left"  in  the  analysis  that  follows. 


RIEE  MECHANISM  SCHEMATIC 

(Hot  to  scale) 
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TARGET  AND  CAMERA  ARRANGEMENT  SCHEMATIC 


(Not  to  scale) 


In  Figure  4 the  frame  .hat  carries  the  cameras  of  .he  Vision  System  is  called  the  Camera  frame  A coordinate 
system  O7X7Y7Z7  is  established  a.  02.  X2Y2  plane  is  the  plane  containing  the  axes  of  the  all  4 cameras.  It 
luld  be  made  suL  drat  all  the  camera  axes  am  co-p.anar  wid,  proper  calibration.  The  camera  frame  .called 

frame  2. 

m Figure  4 camera  1 and  camera  2 are  used  to  get  die  coordinates  of  dte  right  target,  m coordinates 

^ and  ZC2-  Let  dre  distance  from  the  camera  2 to  the  right  target  by  yc2,  which  cannot  be  measure  . 
following  derivation  we  determine  y^j  by  eliminating  yc2' 


ZC1  :=  1 
x C1  •=  “2 


x C2 


-.707 


d ■=  20 


d C1  :=  io 
d C2  :=  io 

d cl2  :=  d C1  + d C2 


z coordinate  of  Right  Target  image  centroid  from  Camera  1 
x coordinate  of  Right  Target  image  centroid  from  Camera  1 

x coordinate  of  Right  Target  image  centroid  from  Camera  2 
Nominal  Distance  of  the  Target  from  the  line  of  Cameras 

Distance  of  Target  from  Camera  frame 

Distance  of  Camera  1 from  origin  of  frame  2 (camera  frame) 
Distance  of  Camera  2 from  origin  of  frame  2 (camera  frame) 
Distance  between  camera  1 and  camera  2 


a C12  :~ 


Angle  between  axes  of  camera  1 and  camera  2 


The  coordinates  of  the  right  target 
Using  the  output  of  camera  1 

XRT2  = XC1 + dCl  [1] 

YRT2  = yCl  ^3] 

ZRT2  = ZC1 


in  frame  #2  situated  as  shown  in  Fig.  3 are  given  by: 

Using  the  output  of  camera  2 

Xrt2  = xC2*cos(al2)  + yc2*sin(cxl2)  - dC2 

yRT2  = -X(22*s“1^al2^+yC2*cos^a^^ 

ZRT2  = ZC2 


12] 

[4] 

[6] 


Equating  the  right  hand  sides  of  equations  [1]  and  [2],  and  rearranging,  we  have. 


y C2~ 


+ d ci  + d C2 
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or 


(x  Cl  ~ x C2'c0s(a  CI2))  +dC12 

y C2= — —7  V" 

sm[acn) 

Substituting  the  above  expression  for  yQ2  into  equation  [4],  we  have 

(*  Cl  ~ x C2‘ cos  (a  C12)  + d C12)  • cos  (a  C12) 
yRT2=_xC2sin(aC12)  + ” sin(acl2) 


C2  + x Cl  cos 


(a  C12)  + d ci2'cos  (a  CI2) 


y RT2— 


sin(aCi2) 


( d C12  + x cO ' cos  (a  CI2)  x C2 

yRT2=  5^5 


Coordinates  of  Right  Target  in  frame  2 are: 


* Cl  + d Cl 

fx  RT2^ 

(d  C12  + x Cl)cos(a  CI2)  _ x C2 

y RT2 

♦ — 

~~7  \ “ 

\z  RT2  j 

sinya  C12j 

ZC1 

x RT2 
y RT2 
izRT2 


8 

18.9998 

\l 
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Figure  4 camera  3 and  camera  4 are  used  to  ge.  ihe  coordinates  of  the  left  target.  The  coordma.es  ob  anted 
bv  cllra  3 are  xc3  and  which  are  petpendicular  ,0  the  axis  of  the  camera.  U.  the  dtstance  of  left  targe, 
from  the  camera  3 be  yc3  winch  cannot  be  measured  The  coordinates  obtainedby  camera  4 are  x^,  and 
. Let  the  distance  from  the  camera  4 to  the  left  target  by  yc4,  which  cannot  be  measured.  yc3 
detennined  by  eli.nina.ing  yc4  in  the  same  way  we  did  as  for  die  right  target.  Followmg  smular  substttu.to 
and  simplifications,  we  get  the  coordinates  of  the  left  target  in  frame  2. 


z C3  := 

-1 

x C3  := 

-2 

x C4  = 

-2.121 

dC3  := 

10 

d C4  :: 

= 10 

d C34 

:=  d C3 

z coordinate  of  Left  Target  image  centroid  from  Camera  3 
x coordinate  of  Left  Target  image  centroid  from  Camera  3 

x coordinate  of  Left  Target  image  centroid  from  Camera  4 
Distance  of  Camera  3 from  origin  of  frame  2 (camera  frame) 
Distance  of  Camera  4 from  origin  of  frame  2 (camera  frame) 
Distance  between  camera  3 and  camera  4 


a 


C34 


:=  atan 


Angle  between  the  axes  of  camera  3 and  camera  4 


The  coonlina.es  of  the  left  targe,  in  frame  #2  situated  as  shown  in  Figure  4 are  given  by: 
Using  die  output  of  camera  3 Using  the  output  of  camera  4 


XLT2  = XC3  " dC3 
ylt2 = yc3 

ZLT2  = ZC3 


XLT2  = xC4*cos<aC34)  -yC4*sin(aC34)  +dC4 
yLT2  = X(-4*sin(a(-i2)+yC4*cos^aC34) 

ZLT2  = ZC4 


yc4  in  the  above  is  eliminated  by  following  the  procedure  adopted  for  the  right  target. 


Coordinates  of  Left  Target  in  frame  2 are: 


x C3  ~ d C3 

,x  LT2^ 

(d  C34  -xC3)-  cos  (a  C34)  + x C4 

y LT2 
\z  LT2  j 

| 

sin  C34j 

N 

o 

t-a 

LT2 
y LT2 
LT2 


r 

19.0005 


v-i 
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4.  DETERMINATON  OF  COORDINATE  SYSTEM  ATTACHED  TO  THE  RACK  INTERFACE  PLATE 

Derivation  of  the  equations  for  detetmining  the  frame  of fata  end points  (LEand ' RE)  of  the  end 

^on^rdLar  from the  top  join,  <P>  ondte  rack  onto  Ute  axis  o, 
meend  effecLrmdpoin.s  See  Figure  3 and  Firgure  6 for  detads. 


m •-  10 
h :=  30 


g :=  J m2  + h2 
r nt>  15 


Distance  between  CE  and  CR 
Distance  between  CE  and  P 

Distance  between  CR  and  P 

Distance  between  G and  P 


g = 31.6228 


i QP  •-  ^ Uistance  uciwcch  mtu  * , 

o is  a reference  point  on  the  boom  where  the  end  effector  mechanism  is  connected,  as  shown  in  Ftgure  & 
Firgure  6. 

Coordinates  of  point  G: 


In  the  following,  tAB  indicates  the  magnitude  of  vector  AB,  and  XAB’  VAB.  ^AB  »*— the  W 
coordinates  of  the  vector  AB.  The  points  that  join  the  vectors  are  shown  in  Fig.  . 

Further  the  "R"  and  "L”  in  the  subscripts  always  means  "Right"  and  the  "Left  respectively.  For  example, 

IRB  indicates  the  x coordinate  of  Right  B (point  B on  die  right  side), 
r RBD  :=  5.25  r rbF  :=  3.125  r RFC  :=  23.25 


r LBD  :=  5 25 


r LBF  :=  3125 


r LFC  :=  23  25 
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r RBC  :=  J r RBF2  + r RFC2 


r LBC  :=  J r LBF2  + r LFC2 


Coordinates  of  Right  B 


'xrb\ 
y RB 
RB  / 


RBC 


= 23.4591 


r LBC  = 23  4591 


Coordinates  of  Left  B 


lb' 


y lb 

\ZLB/ 


Components  and  magnitude  of  vectors  AB 
y RAB  :=  ~17  ZRAB:=_U 


y LAB  :=  17  z LAB  = 


r RAB  :=  J y RAB2  + z RAB2 


r LAB  :=  J y RAB2  + z LAB2 


r RAB  “ 20  2485 


1 LAB 


20.2485 


Nominal  lengths  of  AC  and  DE 
r RACnom  :=  14  75  r RDEnom  = 


r LACnom  14/75 


Increments  in  AC  nominal  and  DE  nominal  (right  and  left) 


r LDEnom  34  5 


A RAC  = 0 

A LAC  0 

A RDE  = 0 
A LDE  0 
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RAC  : 

r RACnom  A RAC 

r RAC  = 14  75 

r LAC 

r LACnom  + ^ LAC 

r LAC  = 14  75 

r RDE 

:=  r RDEnom  + A RDE 

r RDE  = 34  5 

r LDE 

:=  r LDEnorn  + A LDE 

r LDE  = 34  5 

The  sets  of  points  A,B  and  C on  the  right  and  left  sides  of  the  RIEE  mechanism  will  each  form  a triangle. 
Here  we  derive  tire  equations  for  finding  the  angle  of  the  general  (common  to  left  and  right)  vector  BC  with 
known  coordinates  of  points  A and  B,  and  the  length  AC  in  the  y-z  plane.  Recalling  Figure  5,  we  see: 


A 


Vector  AC  = Vector  AB  + Vector  BC 


y AC=y  AB  + r BC  cos  (0  Be)  md  z AC“Z  AB  + r BC  sin  (0  Be) 

Squaring  and  adding  the  above  equations  and  simplifying,  we  have: 

r AC2=r  AB2  + r BC2  + 2'  y AB‘ r BC-  cos  (0  Be)  + 2‘ z AB' r BC‘ sin  (0  Be) 

Dividing  by  2rg£  and  further  rearranging,  results  in: 


y AB‘ cos  (0  Be)  +zAB  sm  (0  Be) 


AB 


4-  r 


BC 


— r 


AC 


2r 


■=0 


r BC 


Let 


AB 


+ r 


BC 


— r 


AC 


BC 


2-  r 


r BC 
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Hence 


y AB'  «»  («  Be)  + 1 AB  sin  (e  Be)  + c BC"0 


The  above  equation  is  of  the  form: 


a-  cos  (0)  +bsin(e)  + c-0 

Expanding  the  above  equation  using  half  angles,  we  have: 


a-  (I  - t2)  + 2- b- 1 + c-  (l  + t2)  -0  or 

or 

The  above  is  a quadratic  equation  in  ”t"  and  has  two 
given  geometry  is 


(-a  + c)  t2  + 2-b-t  + ( a + c)— 0 
(a  - c)-t2  - 2-b-t  - (a  + c)=0 
solutions.  The  solution  that  is  valid  according  to  the 


t = 


Z b + 1 4 b2  + 4-  (a2  - C2) 
2-(  a — c) 


or 


t=- 


b + y 


a2  + b2  - c2 


( a - c) 


Therefore  0=2atan(t) 


The  trigonometric  equations  to  solve  for  the  angle  of  vector  BC  in 
C on  the  right  and  left  sides  of  the  R1EE  are: 


the  triangles  formed  by  points  A,B  and 


y RAB'“S(0  RBc)  + 1 RAB  si"(e  RBc)  + c RBC  0 and 


y LAB  cos 


+ z RAB'  sin(9  LBc)  + c LBC-° 


Where 

r RAB2  + r RBC2  - r RAC 

C RBC  ;= 

r LAB2  + r LBC2  ~ r LAC 
C LBC  ” " 2 r LBC 


c RBC  = 15  8311 


c LBC  _ 15  8311 
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0 RBC  :=  2' 


z RAB  V 


2 

„ 2 

r RAB  " 

- CRBC 

y RAB  ” c RBC 


0 RBC  = -5.6652  ‘deg 


e 


LBC 


:=  2- atan 


z LAB  + ^ 


2 „ 2l 

r LAB  ” c LBC 


y LAB  “ c LBC 


0 ygc  = -5.6652  ’deg 


The  points  B C and  F on  the  left  and  right  sides  form  a right  triangle  and  vector  FC  is  parallel  to  vector  DE, 

are  derived  to  compute  the  angles  of  DEs  (left  and  nght)  from  the 

positive  y axis  in  the  y-z  plane. 


A.  R :=  atan 


/r  rbf\ 

\r  RFC/ 


\ R = 7.6552  *deg 


A.  T :=  atan 
L \ r 


rr  LBFi 


LFCJ 


0 


RDE 


:=  0 RBC  + ^ R 


0 LDE  = 0 LBC  + ^ L 


Vector  RE  = Vector  RB  + Vector  RBD  + Vector  RDE 


0 RBD-  (0  RDE  2) 


Therefore,  the  coordinates  of  point  RE  are: 


A,  L = 7.6552  ‘deg 

6 RDE  = 199  'deg 
« LDE  = ' ” 'de* 


x RE' 

y RE 

\zREi 


RB 


K ' 


y RB  + r RBD  cos  l 9 RDE  7)  + r RDE 


z RB  + r RBD’  sm  l0  RDE  7/  + r RDE’ 


:os  (e  rde) 
in  (°  rde) 


RE^ 

f 10°  \ 

y RE 

= 

34.6615 

re) 

^-4.0488  j 
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Vector  LE  = Vector  LB  + Vector  LBD  + Vector  LDE 


•4 


K \ 


9 LBD-\U  LDE  2) 

Therefore,  the  coordinates  of  the  point  LE  are: 

x LB 


f*  le\ 
y LE 
LE 


71 1 


y LB  + r LBD' cos  l0  LDE  2 J * LDE 


n 1 


z LB  + r LBD’  shl\e  LDE  7/  + r LDE* 


sm 


(e  lde) 
(e  lde) 


Components  of  the  vector  from  Left  end  LE  to  right  end  RE  are. 


fx  LRE^ 

(x  re\ 

(x  le\ 

y LRE 

;r 

y re  - 

i | 

y LE 

\zlreJ 

\z  RE  / 

lzLE  / 

/x  lre\ 


y LRE 
\ZLRE/ 


LRE 


-I 


LRE 


+ y LRE  + z LRE 


LRE 


= 20 


The  Components  of  Unit  vector  U1  along  the  line  from  left  end  LE  to  right  end  RE 


'XU1^ 

lx  lre\ 

1 

fx  Ul^ 

[■\ 

y ui 

y LRE 

y ui 

= 

0 

i , 

r LRE 

I 

\ol 

\zUlj 

\zLREj 

\zuij 

The  Coordinates  of  the  point  CE  are: 


'x  CE^ 

fx  RE^ 

ix  Ul\ 

y ce 

y RE 

— nv 

y ui 

i 

CE  j 

[z  RE  j 

\zui  / 

CE^ 

y ce 

(90  \ 

34.6615 

CE  j 

4-0488  / 
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?eTcorfu!?v"TwV°d^  origu“!  U^fXe'ady*^  above.  V 1 

will  be  defined  along  the  line  from  CE  to  P. 

Our  current  objective  is  to  determine  the  estates  X^duee  ^mts 

• -d  shown  Wow- 


Tlie  equations  are: 

(x  p - X 0y  + (y  p - y 0y  + (z  p - z 0)2=r  GP2  171 

(x  p - * cb)2  + (y  P - y ce)2  + (z  p - * CE)2=h  2 [8] 

(x  p - * re)2  + Cy  P - y re)2  + (z  P ~ 1 RE)2"8  2 191 

Subtracting  equations  [8]  and  [9]  from  equation  [7],  we  get  the  following  equations: 
a I1  p + b j-y  p + c l z P + 0 2 " * CE2  ~ y CE  _zCE_rGP  h 

a2-r  p + b2  y p + c2'zP  + a 2_II1E!  "yRE  -zRE-rGP  * 
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where 


a 1 :=  2-  (x  CE  - x g) 

a 1 

a 2 :=  2'  (*  RE  — x 6) 

a 2 

b i ;=  * (y  ce  “ y g) 

b 1 

b 2 :=  2’  (y  RE  ” y G) 

b 2 

c 1 ;=  2’  (*  CE  ” z 6) 

c 1 

c 2 :=  2‘  Cz  RE  " Z G) 

c 2 

G 2 :=  x g2  + y G2  + z G2  G 2 

Equations  [10]  and  [11]  can  be  rearranged  as: 
a i'x  p + c i*z  p=-b  i*y  p + k i [121 

a2‘xP  + c2‘zP="b2'yP  + Ic2 
where 

k x :=  r GP2  - h2  + x CE2  + y ce2  + z CE2  “ G 2 k 1 

k 2 :=  r GP2  “ 82  + x RE2  + y RE2  + z RE2  “ G 2 k 2 

Equations  [12]  and  [13]  can  be  arranged  in  the  following  matrix  form: 


b i*y  p + k i’ 

-b2yp  + k2. 


D 


12  :- 


[14] 


D 12  = 


Using  Cramer's  Rule,  we  can  solve  for  xP  and  zp 


/-bryp+k1  cA  / a 1 "b 

\ b 2' y P + k 2 c 2/  Zp-_L-^:  b 


After  simplifying,  we  have 


= 0 
= 20 

= 69.323 
= 69.323 
= -8.0977 
= “8.0977 

= 8.1"  103 


542.8125 
= 2.3428"  103 


161.9539 


r y p 4"  k i \ 

2~y  p + k 2/ 

D 12 
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X p-b  3-y  P + k 3 


[15] 


z p=b  4-y  p + k 4 


[16] 


where 


bi  •= 


k 3 := 


-b  i*c  2 + b 2‘c  l 

D 12 

k l c 2 ” k2'c  1 


bi  := 


k a'= 


-a  j b 2 + a2'b  1 
D 12 

a lk2  “ a 2'k  1 


D 


D 


12 


12 


b -i  = 0 


b a = 8.5608 


k -3  = 90 


k a = -67.033 


Recalling  equation  [7]  and  substituting  for  xp  and  zp  from  equations  [15]  and  [16],  we  have: 
(x  P - x o’)  2 + (y  P - y g)  2 + Cz  P “ z 6)  2=r  Gp2 
(b  y y P + k 3 — x q)  2 + (y  p - y g)  2 + Cb  4 y p + k 4 _ Z 2 GP 

Expanding  equation  [17]  and  rearranging,  we  get: 

A y p2  + B y p + C=0 

where 

A :=  b 32  + i + b 42 

B :=  2-  J b 3-  (k  3 - x q')  - y g + b 4'  Ck  4 ” z Ci)  ] 

C :=  (k  3 - x o')  2 + y G2  + (k  4 - z q')  2 - r GP2 


A = 74.2878 
B = -1.1477*  103 
C = 4.2684*  103 


[17] 

[18] 


Equation  [18]  is  a quadratic  in  "yP"  and  has  2 solutions.  The  solution  that  is  relavent  to  the  geometry  of 
the  RIEE  mechanism  is: 


y p = 


/ j 

(— : \ 

"B  + ^ 

IB2  - 4-A-Cj 

2- A 


y p = 9.2129 
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Substituting  yP  back  into  equations  [15]  and  [16],  the  coordinates  of  P are  given  by: 


'xp\ 

fb3  y P + k 3\ 

y p •= 

y p 

. 

Vp 

\b4-y  P + k 4 / 

M 

r90 

[yp 

= 

92129 

VpJ 

1 

[ 11.8373, 

The  z-axis  given  by  uni,  vector  W.  is  along  the  line  Joining  CE  and  F.  Its  components  are  given  by: 

ce\ 


x p - x 

y p - y ce 

\z  p - z CE  j 


h 


fx  V1^ 

f°  \ 

y VI 

V VI J 

0.5295 
\ 0.8483/ 

The  y-axis  given  by  unit  vector  VI  is  given  by  the  cross  product  of  vector  W1  and  vector  Ul.  Its 
components  are  given  by: 

x Ul\ 

y ui 
\z  ui 

The  origin  of  the  camera  frame  is  situated  a,  a distance  of  d21  along  the  negative  direction  of  the  unt.  vector 
W2fromCE.  Therefore: 


P :=  at  an 


f y ce  “ y 


P = 58.0257  'deg 


ZP  “ ZCE, 


h C 12  , ^ m a<;  seen  from  rack  insertion  frame  (1)  are  given 

The  components  of  the  unit  vectors  of  the  camera  frame  (2)  as  seen  from 

by: 


V21  \ 

f ° \ 

1 

y V21 

COS  (p) 

1 

V21  j 

\ sin  (p)  / 

W21  \ 

0 \ 

y W21  := 

sin  (p) 

L 

\z  W21  / 

\cos (p)  / 
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The  coordinates  of  the  origin  of  the  camera  frame  O2  as  seem 


from  Rack  Interface  frame  (1)  are  given  by: 


021  ^ 

» \ 

y 021 
\z  021  j 

-h  Q*  sin(p) 
\-h  C' cos  (P)  i 

The  transformation  of  coordinates  of  the  right  and  left  targets  from  the  camera  frame  to  the  rack  insertion 
frame  is  given  by  the  following  matrix  equations. 


Note  that  in  the  4x4  transformation  matrix  on  the  right  hand  side: 
the  first  column  contains  the  components  of  the  unit  vector  U2  as  seen  in  frame  1, 
the  second  column  contains  the  components  of  the  unit  vector  V2  as  seen  in  frame  , 
the  third  column  contains  the  components  of  the  unit  vector  W2  as  seen  in  frame  1, ^ 
the  fourth  column  contains  the  coordinates  of  the  origin  of  the  camera  frame  as  seen  in 


x RT1 

(x  U21 

x V21 

y RTl 

;= 

y U21 

y V21 

z RT1 

z U21 

z V21 

S 21 

\ 0 

0 

x LT1 

|x  U21 

x V21 

y LT1 

;= 

y U21 

y Y2i 

z LT1 

,z  U21 

z V21 

s 21 

l 0 

0 

x W21  x 021  \ 

' 

Ix  RT2\ 

y W21  y 021 

y RT2 

z W21  z 021 

1 z RT2 

0 i i 

\ I / 

x W21 

x 021  ^ 

fx  LT2\ 

y W21 

y 021 

y LT2 

z W21 

z 021 

I 

[z  LT2 

0 

1 ) 

1 \ 1 / 

x RTl 

’ 8 

y RTl 

0.73 

z RTl 

-21.9422 

S 21 

1 

x LT1 

-12 

y LT1 

-0.9662 

z LT1 

-23.0018 

s 21 

1 

5.  SUPPORT  COORDINATES  IN  BOOM  COORDINATE  SYSTEM: 

h T :=  12  Height  of  the  supports  above  the  targets  as  in  Figure  3.  Support  Coordinates  are: 


XRS  ' 

lx  U1 

X Vi 

x W1 

x CE  ^ 

lx  RTl  ^ 

x RS 

■ 98 

y rs 

y ui 

y vi 

y wi 

y ce 

y rti 

y rs 

= 

53.6613 

ZRS 

z Ul 

z V1 

z Wl 

z CE  + h T 

z RTl 

z RS 

-3.0488 

S1 

lo 

0 

0 

1 i 

1 1 

Sj 

1 

XLS 

fx  Ul 

f 

X VI 

x W1 

x CE  ^ 

lx  LT1  \ 

x LS  " 

' 78 

y ls 

y ui 

y vi 

y wi 

y ce 

. 

y lti 

y ls 

53.6619 

ZLS 

lzUl 

z vi 

z Wl 

Z CE  + h T 

1ZLT1I 

z LS 

-5.0488 

Si 

1 0 

0 

0 

1 i 

Mil 

Si 

1 

L ^ 
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6.  displacements  in  the  boom  robot  and  the  riee  mechanism. 

•n*  center  point  CS  on  the  litre  joining  the  left  and  right  lower  support  points  is  given  by 


,xcs\ 

fx  RS  + x LS\ 

y cs  := 

y rs  + y ls 

l 

\zcs/ 

\z  RS  + z LS  / 

J. 

2 


(xCS^ 

f88  \ 

y cs 

= 

53.6616 

cs  y 

\-4.0488  , 

undisturbed.  This  displacement  is  shown  exagerated  in  Firgu 


/x  CES\  J 

(*  cs) 

fx  CE^ 

/x  CES^ 

h 

y ces 

:=  j 

1 

y cs 

— 

y ce 

i 

[y  ces 

— 

19.0002 

1 “15 

\zCEsJ 

[zcsl 

\zceJ 

\z  CES  j 

\-4.4409*  10  / 

/x  BoonO 

fx  CEs\ 

y Boom 

0 

\z  Boom  j 

. 

\z  CES  / 

x Boom\ 
y Boom 
Boom  j 


-2 

0 

j-4.4409’  10 
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The  new  coordinates  of  CE  after  the  boom  displacement 


CEN^ 

Ixce\ 

fx  Booin' 

y CEN 

y ce 

+ 

y Boom 

\z  CEN  j 

V CE  j 

: 

\z  Boom  ; 

The  new  coordinates  of  Right  and  Left  "B"  are: 


'x  RBN^ 

fx  RB  ^ 

Boom\ 

y RBN 

;= 

y rb 

[ 

+ 

y Boom 
1 I 

RBN  j 

\ZRB  J 

\z  Boom  / 

x LBN^ 

/*lb) 

fx  Boom'1 

y LBN 

:= 

y lb 

1 

+ 

y Boom 

\z  LBN  j 

\z  lb  i 

1 

\z  Boom  j 

cen\ 
y CEN 

— - 

88  \ 
34.6615 

\z  CEN  / 

p4.0488  / 

/x  RBN^ 

’98 

y RBN 

S 

0 

\z  RBN  j 

\-4.4409‘ 

LBN^ 

78 

y LBN 

= 

0 

\z  LBN  j 

\-4.4409* 

The  new 

fy  REN 

^ z REN 

fy  rbe' 

LZ  RBE  ; 


coordinates  of  Right  "E”  and  components  of  new  right  BE  derived  from  Figure  5 are: 


fy  CEN 
z RS 

(y  re  — y rb 

ZRE  - ZRB 


fy  REN 
lz  REN 

fy  RBE' 

lz  RBE , 


-e 


6615 
0488  , 


_ / 34.6615  \ 
\— 4.0488  / 


fy  RBEN\  / 34.6615  \ 


_ {3‘ 

z RBEN  j \ 3.0488  j 


fy  rben  \ (y  ren\  _ /y  RBN 

^z  RBEN  / \z  REN  / \z  RBN 

The  new  coordinates  of  Left  "E"  and  components  of  left  BE  derived  from  Figure  5 are: 

fy  LEN\  _ / 34.6615 
^ z LEN  / \-5.0488 


fy  LEN 
‘z  LEN 


fy  CEN 
z LS 


fy  LBE 

lz  LBE 


fy  LE  “ y LB 

LE  “ z UB 


fy  LBE 
tz  LBE 


_ / 34.6615  \ 
\— 4.0488  / 
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(y  LBEN\  _ / 34.6615 \ 
\z  LBEN  / \— 5.0488  / 

Tlie  lenghts  of  the  new  BE  and  the  new  DE  on  the  right  and  left  sides  are: 


(y  lben\  (y  len\  _ fy  lbn\ 

\z  LBEN  / \z  LEN  / \z  LBN  / 


r RBEN  J 

y RBEN2  + z RBEN2 

r LBEN  :=  J 

1 2 2 

y LBEN  + z LBEN 

1 2 r 2 

r RDEN  :=  i 

| r RBEN  ~ r RBD 

I 2 r 2 

r LDEN  = J r LBEN  ” r LBD 


The  new  angles  of  the  vector  DE  on  the  right  and  left  side  are: 


0 RDEN  = 2atan| 


0 LDEN  2‘  31311 


r RBD  + z RBEN 
r RDEN  + y RBENy 

r LBD  + z LBEN  \ 

*1 


1 LDEN  + y LBEN^ 

The  angles  for  the  new  BC  on  the  right  and  left  are: 


0 RBCN  " 0 RDEN 


R 


0 LBCN  " 0 LDEN  X L 
The  new  BC  components  are: 


(y  rbcn\ 

^z  RBCN  j 


y LBCN 
iz  LBCN  j 


w 


lr  RBC" cos  (0  RBCn) 
RBC’ sin  (0  RBCn) 

fr  LBC  cos  (°  LBCn) 
LBC  sin  (0  LBCn) 


r RBEN  = 34  7953 
r LBEN  = 35-0273 

r RDEN  = 34  397 
r LDEN  = 34  63 16 


0 RDEN  " 3 65 12  *deg 

0 LDEN  = 0 3326  *deg 

0RBCN  = "4OO39’deg 
0 LBCN  = "7-3225  ’deS 


y RBCN 
z RBCN 


/ 23.4018  \ 
\-1.638  / 
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The  new  AC  components  are: 


fy  racn\  (y  rab  \ ^ fy  rbcn  \ 

\z  RACN  / \z  RAB  / \z  RBCN  ) 

fy  lacn\  fy  lab\  + fy  lbcn\ 

\z  LACN  / \z  LAB  / \zLBCN/ 
The  new  AC  lengths  are: 

r RACN  J y RACN2  + z RACN2 

r LACN  :=  J yLACN2  + z LACN2 
The  new  increments  are: 

A RDEN  :=  r RDEN  " r RDE 
A RACN  :=  r RACN  - r RAC 

A LDEN  = r LDEN  " r LDE 
A LACN  :=  r LACN  “ r LAC 


tj  :=  o.i 

The  new  rotations  required  are: 


V RDE 

V RAC 

V LDE  : 
VLAC 


A RDEN 

: -2-Jt 

r] 

A RACN 
• 2-n 

A LDEN 

-2  K 

T\ 

A LACN 
-2-n 

T] 


y RACN  \ _ / 6.401 8 \ 
z RACN  / ri 2.63V 

'y  LACN^  _ f 6.2678  \ 
zLACn/  ” 1-13.99/ 

r RACN  = 14167 
r LACN  = 15  3298 

A RDEN  = ”0103 
A RACN  = "°-583 

A LDEN  = 01316 
A LACN  = 0 5798 


— 370.8683  deg 

Y = -2.0989*  103  *deg 


Y lde  = 473.7588  *deg 

Y l^q  = 2.0874*  103  *deg 
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lren\ 

rbn\ 

lx  lbn\ 

LREN  \ 

l20\ 

1 

y LREN 
\z  LREN  1 

1 

y REN 
\z  REN  j 

y LEN 
\z  LEN  / 

y LREN 
\z  LREN  j 

C, 

r LREN  :=  |xLREN2  + yLREN2  + z LREn"  r LREN  = 20.0998 

The  new  unit  vector  joining  the  left  and  right  E s is: 


'x  UlN^ 

(x  LREN^ 
y LREN 

1 

1 

fx  uin\ 
y uin 

y uin 

• 

r LREN 

\z  UIN  j 

‘ \z  LREN  j 

I \z  UIN  / 

*IKS:=  JCIM-*W),+  0'*S-J,LS)I+CIM-ILS)2 


(0.995  \ 
0 

0.0995  / 
20.0998 


The  unit  vector  joining  the  left  and  right  lower  supports  is. 


us\ 

fx  RS~X  Ls) 

fx  us\ 

0.995  \ 

1 

| 1 

-51 

y us 

y rs  “ y ls 

r LRS 

y us 

-3.0052* 10 

Vusj 

[ZRS-ZLS/ 

[zus/ 

\ 0.0995  / 

Because  these  two  unit  vectors  are  now  the  same,  they  are  parallel. 
Let  the  final  coordinates  of  Right  and  Left  E be 


V REF^  and 

z REF  / 


y LEF 
z LEF 


In  the  forgoing  equations,  the  above  are  used  in  place  of  "new 


coordinates  for  RE  and  LE 


VrEN')  and 

z REN  / 


y LEN 
z LEN 


and  calculations  are  repeated  to  obtain  the  final 
displacements  for  the  wheels  of  the  Right  and  Left  BE  ai 


AC. 
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7.  CONCLUSIONS  AND  RECOMMENDATIONS: 

In  this  report  the  procedure  to  obtain  the  necessaiy  displacements  to  align  the  RIEE  mechanism  for  the  final 
insertion  has  been  accomplished  with  example  calculations.  The  MathCad  software  has  allowed  us  to 
integrate  the  Text,  Figures,  Derivations  and  Calculations,  saving  time  and  space  for  a clear  understanding 
of  the  procedures  and  calculations. 

It  is  recommended  that  an  experiment  be  set  up  to  obtain  the  images  of  prototype  targets  and  process  the 
images  to  get  the  input  data  required  for  this  software.  The  results  of  the  software  can  then  be  verified  be 
verified  against  the  actual  locations  of  the  prototype  targets. 

8.  REFERENCES: 

A.  Drawing  set  #82K03931  and  associated  drawings 
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ABSTRACT 


The  purpose  of  this  summer  research  project  was  to 
investigate  whether  perchloroethy lene  can  be  used  as  a 
solvent  for  the  quantitative  analysis  of  industrial  hydraulic 
fluids  by  infrared  spectroscopy  employing  Beer's  law. 
Standard  calibration  curves  using  carbon-hydrogen  stretching 
(generic)  and  ester  absorption  peaks  were  prepared  for  a 
series  of  standard  dilutions  at  low  ppm  levels  of 
concentration  of  seven  hydraulic  fluids  in  perchloroethy lene . 
The  absorbance  spectras  were  recorded  with  1.5-10  mm  fixed 
and  variable  path  length  sample  cells  made  of  potassium 
bromide.  The  results  indicate  that  using  ester  infrared 
spectral  peak,  it  is  possible  to  detect  about  20  ppm  of  the 
hydraulic  fluid  in  perchloroethy lene . 
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SUMMARY 


1,1,2  tr ichloro-1 ,2,2  trifluoro  ethane  <CFCU3> 

hardware  at* the^Kennedy  Space 

Center  (KSC).  It  is  also  used  as  a general  la°ora“ry  aoi„cC 

Due  to^he'ozone'^deplet ior^problemf  ^curr^t  United  States 

extraction  solvent. 

NASA's  chlorofluorocarbon  (CFC)  replacement  f^oup  at  KSC 

v.  ? 5 to  nersue  the  recommendations  made  m the  EPA  s 

has  opted  to  persue  , . H p CE  since  PCE  has 

high'solvat io^corapat ib^llty6  organies^and  generally 

analysis^  it  ^dispersive  . inf  rare. ^speetroneters  hasten  used 

quantif icat ion* a t^igt^parts  per  million  (ppm)  level ^or  ^t 

percent  level  concentration  of  the  analyte.  n state-if-the-*rt 
spectrometers  have ^^^ana^^^ 

Sxper!meitTdaJarwas°obtained  . ass^s  ^str ia^^ Jdraulic 
the  infrared  method  to  the  detection  of  industrial  nyar 
fluids  in  PCE  at  low  ppm  levels  of  concentration. 

Standard  calibration  curves "er® fluids^ in^PCE^The 
i^r^^s^^irspec?rar^er  recorded^ 

£^rLXs!51ySr  anSPUusing  fixed  and  variable  path 

length  potassium  bromide  sample  cells. 

, . u 1. 1 Q *.  ac?  Dossible  to  detect  about 

20  PPIhofrthe  hydraulic  fluid  in  “sing  a g®"e^timizing 

other  absorbance  spectral  PJak  of  the  an  lyt  . V ability  of 

thfrisultr^b^in^^^he^thor^  e^ll  b/applicable 
to  the  detection  of  hydraulic  fluids  below  20  PPm. 
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FTIR  QUANTIFICATION  OF  INDUSTRIAL  HYDRAULIC  FLUIDS  IN 

PERCHLOROETHYLENE 


I -INTRODUCTION 


1.1  Objective: 

A feasibility  study  to 

perchloroethylene  can  be  used  as 
quantitative  analysis  of  industrial 
Infrared  Spectroscopy  (FTIR). 


investigate  whether 
a solvent  for  the 
hydraulic  fluids  by 


1.2  Background: 

1,1,2  trichloro-1,2,2  trifluoro  ethane  (CFC-113)  known 
as  Freon-113  is  the  primary  test  solvent  used  for  validating 
the  cleaned  aerospace  hardware  at  the  Kennedy  Space  Center 
( KSC ) . For  a safe  space  shuttle  launch,  it  is  of  utmost 
importance  that  the  hardware  be  verified  clean  of  organic 
materials  before  use  in  an  oxygen  rich  environment  as  that 

the  Orbiter. 


Freon-113  is  also  used  as  a general  laboratory  solvent 
for  analytical  work  in  a variety  of  sample  matrices  at  KSC^ 
Material  Science  Laboratory's  (MSL)  standard  Procedure  call 
for  the  extraction  of  organic  materials  with  Freon  3.13,  a 
subsequent  determination  of  the  non-volatile  residue  ( ) 

gravimetric  method. 


Freon 
atmosphere 
high  volat 
protective 
Clean  Air 
substances 
Antarctic 
policy  cal 
and  phase 


s including  CFC-113  are  known  to  remain  in  the 
long  enough  to  migrate  to  altitudes  due  to  their 
ility,  and  are  known  to  be  a threat  to  tje  ®arJQQn 
ozone  layer.  The  Montreal  protocol  and  the  1990 
Act  calls  for  the  accelerated  reduction  of  the 
directly  responsible  for  ozone  depletion  of  the 
ozone  hole.  The  current  United  States  Government 
Is  for  ending  the  production  of  these  compounds, 
out  by  1995. 


United 
Clean  Water 
Act  ( RCRA) 
industries 
One  of  the 
analytical 


States  Environmental  Protection  Agency  s (EPA) 
Act  (CWA) , and  Resource  Conservation  and  Recovery 
requires  an  effluent  discharge  permit  for  all  the 
connected  to  the  wastewater  treatment  facilities. 

parameters  required  for  the  permit  is  the 

determination  of  oils  and  greases  in  the 
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effluents.  EPA's  standard  methodology  calls  for  the 
utilization  of  Freon-113  as  the  extraction  solvent  for  the 
determination  of  oils  and  greases  m the  effluents. 

A 1993  (Hay)  preliminary  report  by  EPA  on  the 
replace  Freon-113  for  the  determination  of  oils  and  grea 
suggests  the  evaluation  of  infrared-based  methods,  and 
perchloroethylene  (PCE,  also  known  as  tetractiloroethylene)  as 
an  alternate  extraction  solvent.  This  report  also 

acknowledges  that  a lot  of  efforts  are  going  on  at  the 
national  and  international  level  zo  r mu 
Freon-113 . 

Chlorofluorocarbon  (CFC)  replacement  group  at  ^SC  in 
collaboration  with  NASA’s  and  other  independent  resea  h 
centers  is  also  working  on  to  find  a substitute  forMC  113 
for  the  validation  process  of  p recommendations 

of ‘th^EPA^s  pre  1 irainary^repor t of  investigating  the  infrared 
.L  j nc i PCE  as  a replacement  solvent  since  PCh  & 

Toluol ‘compatibility  with  organics  R^"urally  considered 
non-toxic  (OSHAs  LD50),  and  has  a high  B.P.  (121  oC ) compared 
to  48  oC  for  Freon-113. 

Infrared  methods  of  analysis  with  dispersive  infrared 
spectrometers  have  been  used  extensive  y 

analytical  technique  for  identifying  materials  o 

"fingerprinting" , and  for  quantification  of  analytes  at  high 
parts  per  million  (ppm)  or  at  percent  concentration  levels. 

to. »•  <=rt  Hptectors  in  dispersive  spectrometers  are  not 

Infrared  detectors  advent  of  the  Fourier  tranform 

frequency  sensitive.  With  the  aaven  state-of -the- 

have 

levels  ardetectors*d  ^d° 

e^ ectron ics6 haveS the0  ability  to  r^-k  both  fteguency^ahd 
intensity  at  the  saae  time  *f  extending  the 

^Cm^LrfordetSctLgh  loweppm  concentration  levels  of 
industrial  hydraulic  fluids  in  PCE. 
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I I -MATERIALS  AND  METHODS 


2.1  Istrunentation: 

2.1.1  FTIR  Spectrometer: 

The  spectrometer  used  for  this  study  was  a Galaxy  series 
300  FTIR  spectrometer  manufactured  by  Mattson  Instruments. 
The  instrument  employs  a deuterium  triglycine  sulfate  (DTGS) 
detector,  a Michelson  interferometer,  and  a standard  high- 
intensity  infrared  source  to  cover  the  mid  infrared  range 
from  500  - 5,000  wavenumber  (cm-1).  The  Michelson 
interferometer,  which  consists  of  a cesium  iodide  beam 
splitter,  a fixed  mirror  and  a moving  mirror,  preserves  both 
the  intensity  and  frequency  information  at  the  same  time.  An 
internal  He-Ne  monochromatic  laser  monitors  the  position  of 
the  moving  mirror  within  the  scan.  The  spectrometer  was 
operated  from  a computer-based  data-collection  and  spectral 
analysis  analytical  package  called  FIRST  (Fourier  Infrared 
Software  Tools).  The  FIRST  analytical  package  automatically 
collects  the  indicated  number  of  interf erogram  scans,  coadds 
the  scans,  performs  the  fast  Fourier  transform,  processes  the 
data,  and  plots  the  resulting  sample  spectrum.  The  block 
diagram  of  the  system  is  presented  in  Figure  2-1. 

The  results  presented  in  this  report  are  obtained  using 
the  setting  of  120  interf erogram  scans*  at  4cm-l  resolution 
with  detector  gain  setting  of  4.  A background  spectrum  of  the 
solvent  ( PCE ) was  always  obtained  before  the  start  of 
collecting  the  sample  spectras  since  with  an  appropriate 
background  spectrum  in  memory,  the  spectrometer  coupled  with 
FIRST  automatically  calculates  the  absorbance  spectrum  as  a 
ratio  of  the  sample  spectrum  to  the  background  spectrum. 


2.1.2  Sample  Cells 

The  most  common  method  of  sample  preparation  for 
infrared  examination  of  liquid  samples  involves  placing  an 
undiluted  sample  (0.01-0.1  mm  thickness)  between  a pair  of 
transparent  crystal  windows.  The  recorded  spectrum  will  be 


*In  FTIR,  the  scan  is  the  mechanical  displacement  of  the 
moving  mirror  assembly  and  their  total  reflects  the 
sensitivity  of  the  instrument  (S/N  ratio). 


336 


the  most  characteristic  of  the  whole  composition  of  the 
sample  since  no  solvent  or  matrix  ln^rfe5’®noes'  * t0 

and  intra-molecular  interactions  will  be,_.  p j ,hair 

contribute  to  the  difficulties  of  band  shifts  and  their 

identifications  . However  f ^“ti^^since 

spec tr as6 are" recorded6 on  thicker  samples  for  °btaining  useful 
analytical  information  The  greater  the  number^  ^solvent 

interf  erence^and^absorpt  ion°by  solvent  molecules  Therefore 
it  is  of  utmost  importance  to  optimise  the  samp 
for  obtaining  useful  spectral  information. 

Sealed-  and  variable  path  length  liquid  ^ared^cells 

(1.5-10  ”m*|’®V(^|s.5°tatransparent11'  windows  were  used  for 
bromide  iodine  ( K.RS  5)  transpareu  nf  the  standard  solutions 

of° industrial  hydr^nc* f luid°s  in  PCE  at  low  PPm  range  of  the 

analyte . 


2.2  Industrial  Hydraulic  Fluids: 


About  20  types  o 
greases  are  commonly  u 
hydraulic  fluids  listed 
sources  at  KSC,  and  wer 
calibration  curves.  Mos 
type  fluids.  During  the 
that  one  of  the  silic 
PCE.  For  this  reason, 
preparation  of  standard 
seven  hydraulic  fluids. 


f industrial  hydraulic  fluids  and 
sed  at  KSC.  Eight  of  the  industrial 
below  were  obtained  from  various 
e utilized  for  the  preparation  of  the 
t of  them  are  ester-based  hydrocarbon 
course  of  this  study,  it  was  observe 
on-based  fluid  was  not  compatible  with 
this  study  is  focussed  on  the 
curves  for  quantification  for  the 


Sample.  IX. 


Hama 


b 

c 

d 


e 

f 

g 

h 


l-Mil-H-5606 
>id  Tap  Cutting  Fluid 
j Corning  FS  1265  Fluid 


to 

PCE. 


; found  not 
.lubility)  with 
iile  Jet  II 
.low  Mil-H-83282 
;en  i*  1530  (Houghto) 
jwn  ( ASTM  #3)  3 1537 
-S  Lube  Oil  (General 


be 


(this  sample 
compatible 


Fluid 
Fluid 
Purpose ) 


# 1542 
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2.3  Perohloroethylene  (solvent): 

Perchloroethy lene  used  for  the  preparation  of  all 
dilutions  in  this  study  was  a Fisher  brand  reagent  grade 
solvent  having  0.5  percent  of  ethyl  alcohol  as  a stabilizer. 
In  the  early  part  of  the  study,  about  3/4  gallon  of  a bottle 
of  the  solvent  was  provided  by  a contractor  group  at  KSC. 
Once  the  borrowed  stock  was  consumed  in  the  preparation  of 
the  dilutions,  a newly  purchased  stock  was  used  until  the  end 
of  the  study. 


2.4  Test  procedure: 

2.4.1  Preparation  of  Standards: 

Several  series  of  standard  dilutions  of  hydraulic  fluids 
in  PCE  were  prepared  for  recording  the  absorbance  spectras. 
Dilutions  lower  than  100  ppm  were  prepared  from  a stock 
solution  of  each  fluid  in  PCE.  Since  the  objective  of  the 
project  was  to  investigate  the  detection  of  the  analyte  in 
PCE,  extreme  care  was  taken  not  to  cross-contaminate  the 
standard  dilutions.  Auto  pipettes  of  different  sizes  and 
brands  available  in  the  laboratory  were  used  for  dispensing 
small  volumes  of  the  solutions  into  the  volumetric  flasks  for 
the  preparation  of  standard  dilutions.  Tips  for  the  pipettes 
were  only  used  once  for  the  transfer  of  solutions,  and  were 
disposed  off  properly.  Dilutions  of  less  than  100  ppm  were 
prepared  before  the  start  of  recording  the  absorbance 
spectrum,  and  were  never  stored  for  over  24  hours. 


2.4.2  Cleaning  Process: 

The  detection  of  an  analyte  at  low  ppm  level  of 
concentration  requires  that  the  whole  solution  handling 
process  be  standardized  to  avoid  cross-contamination.  it  is 
not  cost  effective  to  use  glassware  and  syringes  m 
quantities  for  the  preparation  and  transfer  of  large  number 
of  solutions.  A simple  and  practical  procedure  was  used  for 
cleaning  and  filling  of  the  sample  cell  with  the  prepared 
standard  solutions. 


2.4.2. 1 Volumetric  Flasks  Cleaning: 

25  ml  volumetric  flasks  were  used  for  the  preparation  of 
most  of  the  standard  dilutions.  After  each  use,  the  flasks 
were  washed  with  warm  0.5  percent  Liquinox  solution  according 
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to  the  normal  procedure  used  in  the 
with  deionized  water,  the  flasks 
maintained  at  103  degrees  Celcius. 
were  rinsed  twice  with  PCE  before 
standard  dilutions. 


laboratory.  After  rinsing 
were  dried  in  an  oven 
All  the  volumetric  flasks 
the  preparation  of  the 


2. 4*2. 2 Syringe  Cleaning: 

PCE  for  cleaning  was  tran|E®rgyr ing^use^f or^illing 
into  two  cleaned  50  ml  ™it^I  2 ml portion  of  the 

the  sample  cell  was  J beaker  Both  the  times,  the 

pure  sol^nl  from  plunger  moved  to  the  outer-most  end 

syringe  was  inverted  and  plunger  mo  barrel  with  the 

of  the  barrel  for  rinsing  remove  the  barrel  from  the 

solvent.  It  is  not  necessary  to  remove  the  bar  ^ 

Plunger.  The  plunger  the  syringe  to  soak  the 

nBDpr  tissue  wipes  at  the  tip  of  tne  sy u»b 

maximum  amount  of  solvent  on  to  the  tissue  wipes. 


2. 4. 2. 3 Cell  Cleaning: 

free  the 'other  beak"??  S3 

plugs  Here  replaced  and  the  eell^  fe|„oved  |nd  the  solvent 
motion  horizontally.  T P 8 orifice  (right  orifice 

was  allowed  to  drain  from  the  waste-beaker  assigned 

for  circular  adjustable  cell )suintOipea  on  top  Qf 

for  proper  disposal.  P soak  the  maximum  amount  of 

the  lower  orifice  of  the  cell  to  a drastic  motion  to 

the  solvent  onto  the  wipes  wlth°^ J^ing  portion  Qf 

the  cell.  The  procedure  J[ep!j£®da  trace  amount  of  solvent 

the  solvent.  It  is  pcot>1>l.  that  this  trace 

quantityLof1"het solvent  regained  l^^cell^in  b^constant 

insignificant  "ef"?  the  slope  of  the  standard  calibration 
curve . 


2.4.3  Sample  Cell  Filling: 


An  appropriate 
transferred  into  an  a 
flask.  2-3  ml  of  this 
Lauer  syringe.  This 


amount  of  the 
luminum  dish  f 
solution  was  d 
volume  may 


standard  solution  was 
rom  the  25  ml  volumetric 
rawn  into  a cleaned  5 ml 
vary  depending  on  the 
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thickness  of  the  sample  cell.  Using  a very  light  hand 
pressure,  the  solution  was  injected  into  the  lower  orifice  of 
the  metal  plate  of  the  cell.  It  is  important  that  the  cell 
should  never  be  filled  from  the  upper  orifice  at  the  top  of 
the  front  plate  of  the  cell.  After  the  cell  was  filled, 
teflon  plugs  were  replaced  with  a twisting  motion  to  ensure  a 
good  seal.  All  the  times  paper  tissue  wipes  were  used  to 
avoid  the  contact  of  the  transferring  solution  with  the  cell 
windows.  The  filled  cell  was  physically  observed  for  any 
entraped  bubbles  of  air  before  placing  it  in  the  cell  holder 
of  the  instrument  for  recording  the  absorbance  spectras. 


III-RESULTS  AND  DISCUSSIONS 


3.1  Infrared  Absorbance  Spectrum: 

When  radiation  at  a particular  frequency  strikes  a 
molecule  which  has  a vibrational  frequency  identical  to  the 
incident  radiation,  the  molecule  will  absorb  the  radiant 
energy,  and  thus  increasing  the  total  energy  of  the  raolecu  e. 
If  apair  or  group  of  atoms  is  to  absorb  infrared  radiation, 
it  must  undergo  a change  in  dipole  moment  during  the 

vibration.  The  changing  dipole  couples  the  vibration  of 
molecule  with  that  of  the  incident  radiation,  and  causes 
infrared  absorption . 

Identification  of  a certain  principal  spectral  peak(s) 
of  an  analyte  is  necessary  to  be  identified  before 

calibration  curves  can  be  plotted  for  quantification.  Special 
efforts  were  focussed  to  identify  a particular  generic  peak 
in  all  the  fluids  which  can  be  used  for  the  preparation  of  a 
single  calibration  curve  for  detecting  the  total 

concentration  of  hydraulic  fluids  m a mixture.  °"eppp  d 

dilutions  of  the  hydraulic  fluids  were  prepared  in  PCE,  and 
their  absorbance  spectras  were  recorded  for 

identification  of  the  most  intense  absorption  pe*k<s)- 
quantitative  work,  the  absorbance  spectras  ”ere  ^ 

sensitivity  of  120  inter f erogram  scans  at  4 cm  J ^esoUiti^ 
Triolicate  spectras  were  recorded  for  each  of  the 
dilution,  and  the  average  of  the  three  absorbance  values 
obtained  for  a particular  spectral  peak  was  used  for  the 
preparation  of  the  standard  curves. 

Ester-based  hydrocarbon  type  fluids  used  in  this  project 

Ss  - EL  Li^iLSS 

a: 

and  is  very  typical  of  organic  compounds.  Since  it  requires 
!ess  energy  to  bend  a bond  than  to  stretch  it,  bands  due  to 
bonS  bending  occur  at  lew  frequency  The  peak  near  1700  c.-l 
is  typical  of  an  ester  group,  and  also  C-C  stretch  P^k 
appear  in  this  area.  A typical  absorbance  spectra  of 
hydraulic  fluid  is  presented  in  Figure  3 1. 
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3.2  Calibration  Curves: 


The  absorbance  data  is  useful  for  quantitative  analysis 
of  analytes  in  dilute  solutions  where  Beer's  law  is 
applicable,  and  is  that  a linear  relationship  exists  between 
the  measured  net  absorbance  and  the  concentration  of  an 
analyte  in  a solution.  The  net  absorbance  of  the  spectral 
peaks  obtained  for  seven  hydraulic  fluids  at  various  levels 
of  concentration  and  sample  thicknesses  are  presented  in 
Figures  3-2  to  3-22  in  the  form  of  calibration  curves.  The 
net  absorbance  data  was  obtained  using  the  analytical 
software  package  called  FIRST.  Regression  analysis  was  done 
on  each  set  of  standards  using  analyte  concentration  as  an 
independent  variable  and  absorbance  units  as  a dependent 
variable.  The  validation  of  the  model  is  presented  in  the 
form  of  R Squared.  It  ranges  up  to  one  with  one  being 
optimal . 


3.2.1  Mobile  Jet  II: 

Figure  3-2  is  a calibration  curve  for  Mobile  Jet  II 
Fluid  in  PCE  using  1743  cm-1  ester  peak  of  the  spectras 
recorded  with  a 1.5  mm  KBr  variable  cell.  The  graph 
demonstrates  a linear  relationship  between  absorbance  and 
concentration  of  the  analyte  in  the  range  of  50-500  ppm  with 
R2  of  0.99.  The  absorbance  data  of  this  series  of  standards 
(10-300  ppm  only)  along  with  the  data  obtained  on  standards 
prepared  on  a different  date  is  presented  in  Figure  3-3.  R2 
of  the  two  sets  of  data  was  found  to  be  optimal  (0.98). 
Although  variation  in  the  absorbance  units  of  the  two  series 
of  standards  were  observed,  the  two  curves  were  found  to  have 
similar  slopes. 

Figure  3-4  demonstrates  the  erratic  scattering  in  the 
absorbance  data  obtained  on  the  generic  C-H  stretching  peak 
as  compared  to  the  ester  peak  of  the  recorded  spectras  with  a 
1.5  mm  KBr  cell.  During  the  course  of  the  work,  it  was 
observed  that  too  much  background  noise  was  resulting  in  the 
area  of  the  generic  peaks  of  the  spectras,  and  it  was 
impossible  for  the  detector  to  distinguish  between  small 
variations  in  the  absorbance  units  in  solutions  with  analyte 
concentration  at  low  ppm  levels.  The  presence  of  several 
peaks/bands  around  3000  wavenumber  in  the  absorbance  spectrum 
obtained  on  a pure  solvent  reflected  the  presence  of  some 
contaminant  in  the  solvent.  As  a check,  a similar  observation 
was  made  on  a newly  opened  solvent  bottle  at  a later  stage. 
This  observation  suggests  that  the  presence  of  the  unwanted 


organic  compound(s)  may 
solvent  after  all,  and 
generic  peak(s)  area  of 


be  a part  of  this  particular  batch  of 
causing  the  background  noise  in  the 
the  infrared  spectra. 


, . p _ fhp  ester  peak  in  Figure  3 4 
The  absorbance  data  ^°r to  detect  about  20  ppm  of  Mobile 

Tetlrrtp^A  1in1SpCESSR2  equal  to  0.98.  It  was  reasoned  that 
Jet  II  fluid  in  PCh  K2  equ  imnroved  by  increasing 

the  detection  of  the  enelyte  «ey  be  7 The  only 

the  absorbance  units  with  Table  in  the  laboratory  was  a 

cell  of  higher  path  length  available  in^the  2 5 mm.  A 

RRS-5  cell  having  a vanaoie  p range  of  1-10  ppm  of 

calibration  curve  (Figure  3 5)  ^ k was  gprepared  using  the 

the  analyte  for  the  gene  cell  The  graph  demonstrates 

spectras  recorded  with  the  KRS  5 ceil,  xn^  p&th  length 

highly  scattered  data  KBr  fixed  cells  were  purchased 

RRS-5  cell.  5 mm  and  10  mm  KBr  fixed  ca  sQrbance  data  was 

from  Perkin  Elmer  Co^p0rkaJ11?43  cm-i)  using  a 5 mm  fixed 

obtained  on  the  ester  peak  ( calibration  curve  of 

path  length  sample  cell^  F^e  ^isji  ester  peak  of  the 

the  net  absorbance  data  obt  RBr  cells.  The  slopes  of 

spectras  recorded  with  1.  reasonably  similar  with  R2 

the  two  lines  were  found  to  were  also  made  to  use  the 

values  of  about  9-9  • ■ peak  (2930  cm-1)  f°r  the 

absorbance  data  of  the  g curve  This  resulted  in 

preparation  of  the  calibration  ' unresolved  peaks  in 

failure  due  to  the  presence  °*a«;;"ji0™curves  (Figures  3-4 
the  generic  peak  area.  T t peak  is  stable  and  can  be 

si.3£  ™ 

ex^iLent^  conditions. 


3.2.2  Rapid  Tap  Cutting  Fluid: 


-7  is  a calibration  curve  for  the  Rapid  Tap 
f pcv  using  an  infrared  spectral  peak 
all,  This  particular  spectral  peak  was  found  to 
se  compared  to  the  ester  <172?lg“  ‘V? 

Is  of  concentration  ° net  absorbance 

a linear  relationship  betneen  Jhen.tab.or 
analyte  concentration  (R2  - 0.BS1  i 

With  the  spectras  recorded  using  a 


Figure  3 
Cutting  fluid 
around  1086  c 
be  more  inten 
high  ppm  leve 

demonstrates 

units  and  the 
of  50-500  ppm 
cell . 

The  ester  and  the  generio^ea^as  i-esti* ajed^for  the 
preparation  of  the  ca^1  nd  1 100  wavenumber  was 
LaT:oTPCLrin^fth:c"t:redrTodise  it  ion  concentration 
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levels.  A series  of  standard  dilutions  of  the  analyte  in  PCE 
was  made  in  the  range  of  20-100  ppm  to  investigate  the 
possibility  of  detecting  the  analyte  concentration  below  5U 
ppm.  The  absorbance  spectras  were  recorded  with  a 1.5  mm  Kbr 
cell.  The  net  absorbance  was  calculated  for  the  generic  as 
well  as  for  the  ester  peak,  and  was  plotted  as  a function  o 
the  analyte  concentration.  Figure  3-8  demonstrates  that  we 
can  detect  about  20  ppm  of  the  Rapid  Tap  Cutting  fluid  in  PCE 
using  the  ester  peak.  R2  value  of  the  absorbance  data  for  the 
ester  peak  was  found  to  be  about  0.54.  The  lower  R2  value  may 
be  attributed  to  a bad  standard  of  80  ppm  of  the  analyte  in 
PCE.  The  generic  peak  (2930  cm-1)  in  the  concentration  range 
of  20-100  ppm  with  a 1.5  mm  KBr  cell  (Figure  9)  as  well  as  in 
the  concentration  range  of  1-10  ppm  with  a 2.5  mm  KRS  5 cel 
(Figure  3-9)  gave  scattered  absorbance  data  similar  to  tne 
Mobile  Jet  II  sample.  This  reflects  that  the  generic  peak  is 
not  recommendab le  to  be  used  with  this  so  ven  or 
quantification  work  due  to  the  presence  of  other  organics  in 
the  solvent  which  produces  background  noise  bands  in  t 
generic  peak  area. 

A series  of  standards  (20-100  ppm)  used  for  the 
preparation  of  the  calibration  curve  with  a 1.5  mm  KBr  cell 
was  also  used  for  the  5 mm  KBr  cell  study.  Figure  3 10  is  & 
calibration  curve  of  the  net  absorbance  Jata  °f  ef  er 

peak  of  the  spectras  recorded  with  1.5  mm  and  5 mm  KBr  cells. 
The  absorbance  data  of  the  two  graphs  follows  a simi  ar 
pattern.  This  reflects  that  80  ppm  standard  is  indeed  a bad 
standard  causing  R2  value  to  go  down  drastically.  The  data 
also  suggest  that  the  optimum  sample  path  length  is  somewhere 
between  1.5-5  mm. 


3.2.3  Red  Mil-H-5606  Fluid: 

A series  of  standard  solutions  of  Red  Mil-H-5606  in  the 
range  of  10-1,000  ppm  in  PCE  was  prepared  to  verify  beer  s 
law  Figure  3-11  is  a calibration  curve  of  the  analyte  using 
the  generic  peak  (2928  cm-1)  of  the  spectras  recorded  with  a 
1.5  mm  KBr  cell.  The  graph  is  found  to  be  linear  in  the  rang 
tested  except  for  some  scattering  of  the  data  observed  b 
50  ppm  level  of  the  analyte.  R2  was  found  to  be  equal  to 
0.99,  and  the  graph  suggests  that  it  is  possible  to  detect 
below  50  ppm  of  the  analyte  in  PCE. 


A new  series  of  standards  in  the  range  of 
the  analyte  was  prepared  in  PCE  for  improving 
of  the  analyte  in  PCE.  The  infrared  absorbance 
recorded  using  1 . 5 mm  KBr  cell.  The  absorbance 


20-100  ppm  of 
the  detection 
spectras  were 
data  obtained 
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?igu«  l-lHogether^th  the1generiohpeak  absorbance  dat.^of 

"SK.*-ii.SSS  go*16  respectively5 

Observed  and  R2  »»s  found  to  be  0 .72  and  0.80^  ^ 2[| 

The  graph  suggests  that  it  is  po 

ppm  of  the  analyte  without  difficulty. 

, ,o  ,s  a calibration  graph  for  the  generic 

Figures  3-13  is  a can  k of  the  spectras 

(2928  cm-1)  and  fc!?e ^^Sg^ceii.  R21for  the  ester  peak  was 
recorded  with  a 1.5  mm  n no  for  the  generic  peak, 

found  to  be  0.35  as  compared  t 0.7  for  the^g^  variables 

It  reflects  that  there  night  b 6 fl  id  in  PCE  at 

affecting  the  ester  peak  of  Red  Mil  » 56“°e““nge  of  1-10  ppm 

low  ppm  levels  of  conce"trati  'of1  the  absorbance  data  was 
concentration  levels,  scattering  of  the  aDS  Rapid  Tap 

found  to  ^ similar  to  the  Mobile  Jet  11  Figure  3-lS 

Cutting  fluid  with  the  KRS  5 ceil  ^abJorbance  data  of  the 
is  a calibration  curve  o kDr  cell  on  two  consecutive 

spectras  recorded  with  a J ^concentration  of  the 

days  on  a series  o 20-100  ppm  The  graph  reflects  that 
analyte  in  the  range  of  20  100  k with  a larger 

the  absorbance  data  obtained  on  inject  ion  limit  of  the  Red 

sample  size  did  notpcgmPf kg6 absorbance  data  also  reflect  the 
Mil-H-5606  fluid  in  PCE.  The  ° level  (0.02  range)  on 

instrumental  drift  on  a low  absorbance  level  ^ 

a day  to  day  basis. 


3.2.4  Green  # 1530  (Houghto)  Fluid. 


Figure  3-16  is  a calibration  graph  for  the  Green  *1530 
M 'ThS^UUrt^d0.'.2^1; ■ mor ’intense 

Sbsorbance  peak  at  1157  wavenumber  ^^"demonstrates 

preparation  of  the  ca  i ra  faM  R2  equal  to  0.97. 

a linear  relationship  for  is  possible  to  detect  about  20 
It  also  demonstrates  that  it  is  possiu 

ppm  of  the  analyte  in  PCE. 

10  mm  KBr  sealed  cell  was  also  used  the 

absorbance  spec 1 tr >7 to^ule  the  intense  peak  at  1157 

analyte  m PCE.  It  was  tr  ce  units  of  the  recorded 

wavenumber  for  measuring  wgre  met  with  little  success 

spectras.  However,  the  effo  ..  oF  H57  wavenumber 

due  to  high  background  noise  the  net 

peak.  Figure  3-17  is  a °""l>  “ith 

lb5°mmaanS  Brills  The  absorbance  data  obtained  for 
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the  10  mm  KBr  cell  reflect  that  it  is  possible  to  detect 
about  20  ppm  of  the  analyte  in  PCE,  however  scattering  of  the 
data  was  observed  with  the  10  mm  KBr  cell.  With  a 1.5  mm  KBr 
cell,  it  was  not  possible  to  obtain  a defined  slope  of  the 
calibration  graph  using  the  ester  absorbance  spectral  peak. 


3.2.5.  Brown  (ASTM  #3)  # 1537: 

Figure  3-18  is  a calibration  graph  for  the  Brown  # 1537 
fluid  using  the  generic  peak  (2854  cm— 1)  net  absorbance  data 
of  the  recorded  spectras  obtained  with  a 1.5  mm  KBr  cell,  and 
also  the  absorbance  data  of  the  ester  peak  (1739  cm— 1)  of  the 
spectras  recorded  with  a 10  mm  KBr  cell.  As  expected,  the 
absorbance  units  increased  with  the  sample  size.  It  is 
interesting  to  observe  that  the  slope  is  identical  for  the 
graphs  using  two  different  absorption  peaks.  R2  for  the 
absorbance  data  for  all  points  obtained  on  the  generic  peak 
was  found  to  be  0.97.  The  graph  also  reflects  that  about  20 
ppm  of  the  analyte  can  be  detected  in  PCE. 


3.2.6  Yellow  Mil-H-83282: 

The  absorbance  data  obtained  on  the  spectras  recorded 
for  a series  of  dilutions  of  Yellow  Mil— H— 83282  fluid  in  PCE 
with  1 . 5 mm  and  10  mm  KBr  cells  is  presented  in  Figure  3-19. 
The  slopes  of  the  two  graphs  using  the  net  absorbance  data  of 
the  ester  peak  (1737  cm-1)  are  similar  with  R2  values  equal 
to  0.94  to  0.99  for  1.5  mm  and  10  mm  KBr  cells  respectively. 
The  calibration  curve  demonstrates  that  it  is  possible  to 
detect  about  20  ppm  of  the  analyte  in  PCE. 


3.2.7  PL-S  Lube  Oil  # 1542: 

The  absorbance  data  obtained  on  the  standard  dilutions 
for  PL-S  Lube  Oil  # 1542  in  PCE  using  different  sample  sizes 
for  recording  the  spectras  are  presented  in  Figures  3-20  and 
3-21  in  the  form  of  the  standard  curves.  The  scattering  of 
the  absorbance  data  is  observed  for  the  generic  and  also  for 
the  ester  peak  using  a 10  mm  KBr  cell.  The  slopes  of  the 
graphs  using  the  generic  and  ester  peaks  with  a 1 . 5 mm  cell 
is  found  to  be  similar  (Figures  3-20  and  3-21).  The 
absorbance  data  obtained  on  the  ester  peak  (Figure  3-21) 
reflect  that  it  is  possible  to  detect  about  20  ppm  of  the 
analyte  in  PCE . 


3.2.8  Mixture  of  Hydraulic  Fluids: 


All  the  calibration  curves  prepared  above  for  the 
detection  of  the  hydraulic  fluids  were  of  the  solutions  of 
the  pure  fluids  in  PCE . Most  of  the  absorbance  data  obtained 
on  individual  fluids  has  demonstrated  that  it  is  appropriate 
to  use  the  ester  peak  (1739  cm-1)  for  the  quantitative 

analysis  of  hydraulic  fluids. 

A series  of  dilutions  of  a mixture  of  five  hydraulic 
fluids.  Red  Mil-H-5606,  Rapid  Tap  Cutting  fluid.  Mobile  Jet 
II  Yellow  Mil-H-83282  and  Brown  ASTM  # 3,  was  prepared  in 

PCE  to  study  the  behavior  of  the  ester  absorbance  Peak  a 

mixture.  The  absorbance  spectras  were  recorded  with  1-5  mm 
and  5 mm  KBr  cells.  The  net  absorbance  data  obtained  with  a 
1 5 mm  cell  for  the  generic  and  for  the  ester  peak  were  f°un 
to  have  an  erratic  behavior.  Efforts  were  made  to  use  the 
generic  peak  (2854  cm-1)  for  the  preparation  of  the 

calibration  curve  with  a 5 mm  KBr  cell  but  the  data 
demonstrated  a highly  erratic  and  similar  behavior  of  1.5  mm 
KBr  cell  due  to  high  background  interferences  by  the  solvent 
in  the  region  of  generic  peak(s)  in  the  infrared  absorbance 

spectrum . 


The  net  absorbance  data 
peak  with  a 5 mm  KBr  cell 
figure  demonstrates  that  it 
less  of  the  total  hydraulic 
5 mm  KBr  cell.  However,  R2 
found  to  be  equal  to  0.73. 


obtained  on  the  ester  spectral 
is  presented  in  Figure  3-22.  The 
is  possible  to  detect  20  ppm  or 
fluid  using  the  ester  peak  and  a 
value  of  the  absorbance  data  was 
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IV-CONCLUSIONS 


1.  The  results  obtained  on  the  quantification  of  hydraulic 
fluids  in  perchloroethy lene  has  demonstrated  that  it  is 
possible  to  detect  high  ppm  levels  of  the  analyte  easily 
with  the  infrared  method  using  a generic  or  any  other 
absorbance  spectral  peak  of  the  analyte.  R squared  is 
found  to  be  higher  than  0.97  for  the  range  (50-500  ppm) 
used  for  the  preparation  of  the  calibration  curves. 

2.  The  calibration  curves  prepared  for  quantification  of 
the  hydraulic  fluids  at  low  ppm  levels  of  concentration 
(20-100  ppm)  in  PCE  have  demonstrated  that  it  is 
possible  to  detect  about  20  ppm  of  the  analyte  in  PCE 
under  the  experimental  conditions  of  the  test  runs. 

3.  The  data  has  demonstrated  that  the  generic  spectral  peak 
for  most  of  the  samples  can  not  be  used  under  the 
present  experimental  conditions  for  the  detection  of  low 
ppm  of  the  analyte  due  to  background  noise  generated  in 
the  generic  peak  area  by  the  solvent  tested. 

4.  The  optimal  sample  path  length  is  found  to  be  between 
1.5-5  mm . 

5.  The  results  have  also  demonstrated  that  it  is  possible 
to  extend  the  applicability  of  the  infrared  method  to 
low  ppm  (2-20  ppm)  levels  of  detection  of  the  hydraulic 
fluids  in  PCE . However , one  must  control  certain 
variables  (sample  size,  contamination  and  background 
noise)  which  may  affect  the  interpretab i lity  of  the 
results  obtained. 
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V- RECOMMENDATIONS 


1 Infrared  method,  generally  is  not  a quantitative  method 

of  analysis  for  the  determination  of  analytes  at  low  ppm 
levels  of  concentration.  In  order  to  extend  1 s 

capability  to  low  ppm  level  work,  one  must  optimize 
certain  variables  which  may  directly  affect  the 

interpretability  of  the  results. 

- One  of  them  is  the  sample  size.  It  is  found  that  the 
optimum  length  of  the  sample  lies  somewhere  between  1.5 
mm  and  5 mm.  It  is  suggested  to  carry  out 
experimental  work  to  collect  the  data  with  a 
variable  path  length  KBr  or  BaF2  (preferred  since 
does  not  fog)  cell. 

Another  possible  source  of  error  in  the  detect 
the  analyte  by  the  infrared  method  (or  any 
instrumental  method)  at  low  ppm  levels  may  result 
the  use  of  contaminated  supporting  materials  iik< 
pipettes.  One  of  the  auto-pipette  ( 5ml  range)  u: 
the  project  had  multi-users.  Under  the  normal  labo: 
procedures,  it  is  not  possible  to  avoid  contaminat 
the  pipettes.  It  is  suggested  that  pipettes  an 
supporting  materials  prone  to  contamination  due  to 
routine  laboratory  work  should  not  be  used  for 
pr 03 ec ts . 

- The  infrared  detector  used  in  this  research  Project 
was  a deuterated  triglycine  sulfate  with  cesium  iodide 
windows.  It  nay  be  worth  a try  to  use  a more  sensitive 
liquid  nitrogen  cooled  mercury-cadm run- te 1 lu ride 

detector  which  has  a constant  S/H  ratio  between  1.000 
10,000  wavenumber  for  the  quantification  work  at  low  ppm 

level . 
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D* 

- is  a function  of 
audio  frequency 
being  detected,  and 
also  a measure  of  S/N 
ratio  associated  with 
the  detector . 


a 

o 

o 


^ 1 0' 


n 

o 


10 


Ha  C4  T« 

n1 

(MCT) 

1 

J 

k! 

\ 

7 

\ 

ill 


O10  - 

M 

93 

a 

*< 

It 

q a 
10*  « 


r 


to8 

,0  too  lOOO  10,000  100,000 

Fequenctj 

D*  for  TGS  and  HgCdT e Detectors 


349 


A careful  evaluation  of  the  recorded  absorbance  spectras 
revealed  that  sometimes  the  absorbance  peak  splits  into 
two  peaks  or  more  depending  on  the  characteristic  bands 
of  the  compound.  This  evaluation  on  the  spliting  of  the 
absorbance  peaks  reflect  that  their  intensity  (height) 
and  position  (wavenumber)  varies  with  the  concentration 
of  the  analyte  especially  at  low  ppm  levels.  It  is 
suggested  that  peak  area  instead  of  peak  height  should 
be  tried  for  the  preparation  of  the  calibration  curves 
for  the  quantification  of  fluids  at  low  ppm 
concentration  levels  of  the  analyte. 

About  20  hydraulic  fluids  and  greases  are  used  at  KSC . 
Some  of  them  are  silicon-based  compounds  which  have 
limited  solubility  in  PCE . It  will  not  be  possible  to 
determine  their  concentration  using  infrared  method.  It 
is  suggested  to  develop  a model  by  running  experiments 
on  mixtures  having  fluids  and  greases  by  infrared  method 
and  also  by  the  standard  NVR  method.  The  deviation  in 
the  results  can  be  used  to  optimize  a K factor  in  the 
following  equation: 

Total  Concentration  = K x Cone.  (Infrared  method) 

where  K is  a predetermined  ratio  of  the  NVR  method 
concentration  to  the  Infrared  method  concentration,  and 
is  always  greater  than  one.  Since  there  are  only  a 
limited  known  types  of  fluids  and  greases,  it  won  t be 
very  difficult  to  optimize  the  K factor. 

For  the  removal  of  the  non-volatile  residue  (NVR) 
material  for  the  clean  validation  process,  it  is 
recommended  to  explore  the  possibility  of  using  water  at 
or  near  supercritical  conditions  (SCW),  since  at  these 
conditions,  water  has  properties  as  of  a fluid  and  a gas 
thus  increasing  its  solvation  power.  Experimental  runs 
should  be  carried  out  to  optimize  the  temperature  and 
pressure  conditions  for  the  maximum  removal  of  the  NVR 
materials . 
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FIGURE  3-4 
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FIGURE  3-7 


FTIR  Calibration  Curve  (1085.99  Wave  jf) 
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FIGURE  3-8 


FTIR  Calibration  Curve(  1.5mm  KBr  Cell) 

Rapid  Tap  Cutting  Fluid  in  PCE 
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FIGURE  3-10 


FTIR  Calibration  Curve  (Ester  peak) 

Rapid  Tap  Cutting  Fluid  in  PCE 
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FIGURE  3-18 
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FIGURE  3-19 


FTIR  Calibration  Curve  (Ester  1737.9) 
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FIGURE  3-20 
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FIGURE  3-21 


FTIR  Calibration  Curve  (Ester  1739.9) 
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FIGURE  3-22 


FTIR  Calibration  Curve  (Ester  1741.83) 

Mixture  of  5 Industrial  Fluids 
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ABSTRACT 


Unexpected  occurrences  of  failures, due  to  stress  corrosion 
cracking  (SCC)  of  structural  components, indicate  a need  for 
improved  characterization  of  materials  and  more  advanced 
analytical  procedures  for  reliably  predicting  structures 
performance. 


Accordingly,  the  purpose  of  this  study  was  to  determine  the 
stress  corrosion  susceptibility  of  15-5PH  steel  over  a wide  range 
of  applied  strain  rates  in  a highly  corrosive  environment . The 
selected  environment  for  this  investigation  was  a higly  acidified 
sodium-chloride  (NaCl)  aqueous  solution. The  selected  alloy  for 
the  study  was  a 15-5PH  steel  in  the  H900  condition.  The  Slow 
Strain  Rate  technique  was  selected  to  test  the  metals  specimens. 


377 


SUMMARY 


The  catastrophic  failure  of  some  structural  components, at  Kennedy 
Space  Center,  due  to  environmentally  assited  cracking  has  raised 
questions  regarding  the  reliability  of  those  structures.  To  that 
effect  NASA  has  intiated  a comprehensive  program  to  identify 
materials  which  are  inmune  to  cracking  under  the  above  mentioned 
conditions, and  recommend  them  for  future  applications. 

The  purpose  of  this  study  was  to  determine  the  behavior  of  some 
Precipitation  Hardenable  steels  when  exposed  to  a highly 
corrosive  environment  at  different  strain  rates.  The  material 
selected  for  this  study  was  a 15-5PH  steel  in  the  H900  condition. 
The  environment  selected  consisted  of  a highly  acidified  Sodium- 
Chloride  (3.5%  NaCl)  aqueous  solution.  The  Slow  Strain  Rate 
technique  was  selected  to  test  the  metal's  specimens.  The  test 
were  programmed  for  strain  rates  between  10-3  to  10“5  inches  per 
minutes . 

The  data  obtained  from  these  tests  beside  being  useful  for 
selection  of  materials  on  a sound  engineering  basis  provides  also 
for  a better  understanding  of  the  Stress  Corrosion  Cracking 
phenomena . 
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1 . 0  INTRODUCTION 


1 . 1  BACKGROUND 

The  solid  rocket  booster  used  to  launch  the  space  shuttle,  use 
ammonium  perchlorate  as  fuel  and  release  approximately 
seventeen (17)  tons  of  hydrochloric  acid  into  the  atmosphere  in 
each  launching. This  acidification  of  the  marine  atmosphere  has 
led  to  severe  problems  and  premature  failure  of  various  . 

structural  components  and  critical  equipment  [1]  at  the  launching 
facilities  at  Kennedy  Space  Center(KSC). 

The  fact  that  some  structural  components  have  failed 
catastrophically  due  to  environmental  cracking, has  raised 
questions  regarding  the  reliability  o£  those  structures .Even  if 
catastrophic  failures  are  rarely  observed  rn  practice, when  they 
occur  they  may  be  more  costly  in  terms  of  human  life  and  property 
damage  than  other  types  of  falures.To  that  effect  NASA  has  been 
working  in  a comprehensive  program  to  identify  materials  which 
arenot  susceptible  to  cracking  in  the  launch-pad ' s environment 
when  stressed, and  recommend  them  for  future  applications. 

1.2  STRESS  CORROSION  CRACKING  MECHANISM 

Delayed  failure  of  structural  components  subjected  to  an 
aaaresive  environment  may  occur  under  statically  applied  stress 
S belL  the  yield  strength  of  the  -serial  Failure  under  these 
conditions  is  caused  by  stress  corrosion  cracking (SCC)  and  has 
long  being  recognized  as  an  important  failure  mechanism. 

Although  many  tests  have  been  developed  to  study  this  mode  of 
failure  the  underlying  mechanism  for  SCC  are  yet  to  be  resolve 
[234]  and  quantitative  design  procedures  against  its  occurence 
ari  yet  to  be  established. These  difficulties  are  caused  by  the 
complex  chemical, mechanical,  and  metallurgical 
many  variables  that  afect  the  behavior;  the  extensive  data 
scatter  (5, 6], -and  the  poor  correlation  between  laboratory  test 
results  and  service  experience. 
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Cracking  of  materials  may  be  either  intergranular  or 
transgranular  and  may  progres  at  velocities  between  10-9  to  10-1 
mm/s. Three  broad  categories  of  stress  corrosion  mechanism  can  be 
identified: 

1.  Pre-existing  path  mechanism  - This  mechanism  relates 
the  cracking  susceptibility  to  the  chemical  activity  of 
the  grain  boundaries  (i.e.  precipitates) . 

2 . Strain  assisted  active  path  mechanism  - This  mechanism 
is  related  to  the  rupture  of  a protective  film  at  the 
crack  tip, followed  by  metal  dissolution  by  the  corrosive 
environment . 

3 . Absorption  mechanism  - This  mechanism  is  based  on  the 
chemisorption  of  an  environmental  specie  on  the  crack  tip 
which  reduces  the  surface  energy, and  therefore  reduces 
the  local  fracture  strength  of  the  metal  lattice. 

1.3  LINEAR  ELASTIC  FRACTURE  MECHANIC 

The  application  of  Linear  Elastic  Fracture  Mechanic  (LEFM) 
concepts  has  met  with  considerable  success  in  the  study  of  SCC 
[7,8] .Because  environmentally  enhanced  crack  growth  and  stress 
intensity  factor  (K)  can  be  used  to  characterize  the  mechanical 
component  of  the  driving  force  in  SCC. 

The  critical  stress  intensity  factor  or  fracture  toughness  (KIC) 
represents  the  inherent  ability  of  a material  to  withstand  a 
given  stress-field  intensity  at  the  tip  of  a crack  and  to  resist 
progressive  tensile  crack  extension  under  plane  strain 
conditions . Plane  strain  conditions  requires  that: 

B=2 . 5 (Kic/Sys)  2 f where: 

B=  specimen  thickness 
SYS  = tensile  strengh 
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For  materials  that  are  susceptible  to  crack  growth  in  a 
particular  environment  this  threshold  value  is  called  KISCC  and 
represent  the  value  below  which  crack  propagation  does  not  occur 
for  a given  material-environment  combination  under  plane  strain 
conditions  (See  Fig.l). 


Stress  corrosion  crack  growth  rates  have  been  investigated  in 
various  material-environment  combination, and  the  results  suggest 
that  the  crack  growth  rate  as  a function  of  the  stress  intensity 
factor  can  be  divided  in  three  regions  (See  Fig. 2). In  region  I 
the  rate  of  crack  growth  is  strongly  dependent  on  the  magnitude 
of  the  stress  intensity  factor, such  that  small  changes  in 
results  in  large  changes  in  crack  growth  rate. Region  I also 
exhibit  a stress  intensity  factor  (KISCC)  below  which  cracks  do 
not  propagate  under  sustained  loads  for  a given  material- 
environment  system.  In  region  II  crack  growth  rate  or  jany 
systems, is  moderately  dependent  on  the  magnitude  of  K and  fo 
some  systems  like  high  strengh  steels  in  gaseous  hydrogen, crack 
growthyraX  is  independent  o£  K.  The  crack  growth  rates  „ . region 
III  increases  rapidly  with  K as  K approaches  KIC  of  the  material. 


1.4  SLOW  STRAIN  RATE  TECHNIQUE 

Rpfore  the  early  1960’s  , constant  load  and  constant  strain 
testing  on  smooth  and  notched  specimens  of  various  configurations 
became  very  popular.  However  the  60 ’s  produced  two  accelerated- 
test  techniques  based  on  different  mechanical  approaches  [9,  ]. 

One  of  the  techniques  involved  testing  statically  loade 
mechanically  precracked  specimens  using  Linear  Elastic  Fracture 
Mechanics  concepts.  The  second  involved  Slow  Stain  Rate 
of  smooth  specimens.  These  testing  methods  have . ?f P™d^ed 
see  in  materials, where  older  techniques  have  failed  to  do  so. 

More  recently  Constant  Strain  Rate  test  have  become  wid ^ 
accepted  as  quality  control  or  screening  technique  quite  apart 
from  their  usefulness  in  mechanistic  studies.  The  prime 
justification  for  this  technique  is  that  it  accelerates  a 
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known  rate  determining  step  in  the  cracking  mechanism  of  ductile 
alloys-aqueous  environment  system  (i.e.  oxide-rupture  rate).  It 
is  not  surprising  then  that  good  correlations  are  observed 
between  SCC  susceptibility  rated  by  this  technique  and  by  more 
protracted  methods  involving  static  loads. 

Strain  rate  is  one  of  the  most  important  single  parameter  in 
evaluating  SCC  susceptibility  of  any  metal  or  alloy  in  a given 
environment.  If  strain  rate  is  too  high,  fracture  of  the  material 
will  be  mostly  mechanic  (ductile)  because  the  corrosion  process 
cannot  keep  pace  with  the  straining  process.  On  the  other  side  if 
the  strain  rate  is  too  low, SCC  may  be  prevented  due  to 
repassivation  of  te  exposed  base  metal, which  may  be  to  fast 
compared  to  the  frequency  of  the  film  rupture  event.  It  has  been 
observed  that  strain  rates  in  the  range  of  10~5  to  10"1  S-1  tend 
to  promote  SCC  in  most  cases. 


385 


2.0  MATERIALS  AND  PROCEDURES 


2 . 1 MATERIALS 

The  materials  used  in  this  investigation  consist  of  15-5PH  steel 
in  the  H900  condition.  The  nominal  chemical  composition  is  shown 
in  Table  l,and  the  thermal  condition  is  shown  in  Table  2.  Table  3 
is  a summary  of  the  mechanical  properties  of  the  material.  A 
photomicrograph  showing  the  distribution  of  precipitates  is  shown 
in  Figure  3 . 

Compact  tension  (CT)  specimens  were  machined  from  the  as-received 
material, such  that  the  crack  growth  direction  was  perpendicular 
to  the  material's  rolling  direction.  Specimens  were  cleaned  to 
eliminate  grease  and  other  impurities  from  the  machining 
operation  and  then  they  were  inmersed  in  a magnesium  chloride 
solution  to  produce  the  starting  crack  required  in  this  type  of 
test.  The  specimen  configuration  is  shown  in  Figure  4.  The 
specimens  were  then  loaded  into  the  testing  machine  and  strained 
until  rupture  occured. 

2 . 2 EQUIPMENT 

Test  were  conducted  in  a Satec's  MATS  II  Universal  Testing 
Machine  equiped  with  "NuVision  II"  sofware  package  for  automating 
the  system.  The  minimum  strain  rate  applied  by  the  machine  was 
8xl0-5  inches  per  minutes.  The  crack-mouth  opening  was  measured 
with  a double  cantilevel  beam  type  strain  gage.  A Laser  based 
type  extensometer  developed  at  KSC  was  also  used  to  measure  the 
crack-mouth  opening. 


2 . 3  TESTING  PROCEDURE 

Following  mounting  in  the  testing  machine, the  specimens  were 
initially  tested  in  air  at  different  strain  rates.  A curve  of 
applied  load  vs  crack-mouth  opening  similar  to  the  one  shown  in 
Figure  5 was  obtained.  From  that  graph  the  crack  growth  rate  and 
the  stress  intensity  factor  for  the  material  could  be  evaluated. 


Table -1  Nominal  Composition  Of  15-5  PH  Steel 


Cr 

Ni 

Cu 

Mn 

SI 

Cb+Ta 

C 

14.0- 

3.5- 

2.5- 

1.0- 

1.0- 

0.15- 

0.07- 

15.0 

5.5 

4.5 

Max 

Max 

0.45 

Max 

Table  - 2 

Heat  Treatment  Of  15-5  PH  Steel 

Temper 

Heat  Schedule 

Solution  Treated  1900  F for  half  (.5)  hour 

Oil  quench 

H 900  000  F for  one  0)  hour 

Air  cooled 


Table  -3  Mechanical  Properties  Of  Vaccum  Melted  15-5  PH  Steel 


Temper 

Su 

Sys 

% Elong 

% R.A. 

Hardness 

H 900 

199.6 

170.9 

17 

61 

HB  401 

Suss  Tensile  Strength  (KSI) 

Sys  = 0.2%  offset  yield  strength  (KSI) 
R.A.  es  Reduction  In  area 
HBrs  Brlnell  hardness 
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Mag.-lOOX 


Mag.-500X 


Fig. -3  Photomicrograph  Of  15-5PH  Steel  In  The  H900  Condition 
Showing  The  Precipitate  Distribution. 
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Load 


H s 1.2W 
La  1.25  W 
D a 0.25W 
a = crack  length 
p e applied  load 


Fig. -4  Compact  - Tension  (CT)  Type  Fracture  Toughness 
Specimen 


Fig.  - 5 Load  vs  Crack*mouth  Opening  Displacement  Curve 
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A similar  set  of  tests  in  a corrosive  solution  of  3.5%  NaCl 
acidified  to  1N.HC1  was  also  scheduled.  From  the  data  obtained 
from  those  tests  the  crack  growth  rate  and  the  critical  stress 
intensity  factor  under  corrosive  conditions  were  to  be  evaluated. 


3.0  RESULTS  AND  DISCUSSION 


3 . 1 GENERAL 

The  constant  strain  rate  technique  is  a method  to  asses 
susceptibility  of  metals  and  alloys  to  SCC.  It  provides  a rapid 
laboratory  method  to  determine  the  SCC  susceptibility  of 
materials  in  environments  in  which  other  tests  do  not  read  y 
promotes  SCC.  The  results  are  positive  in  that  failure  occurs 
either  in  a ductile  manner  or  prematurely  in  a brittle  mode 

SCC  occurs. 

qpveral  properties  are  used  to  define  and  compare  the  severity  of 
SCC  of  materials  and  aggresiveness  of  environments.  Genera  y a 
measure  of  the  time  to  failure, or  reduction  in  ductility 
rnrrosive  environment  is  compared  to  the  behavior  in  an 
environment  which  does  not  promote  SCC,  for  example  ^r*n^eaS6 
severity  of  SCC  is  indicated  by  shorter  times  to  failure  or 

reduced  ductility,  as  measured  by  reduction  in  area fractured 
in  elonaation.  The  presence  or  absence  of  SCC  on  the  tracturea 

specimen  can  be  unequivocally  determined  only  **  “resented 
examination.  Results  o£  those  examinations  can  be  p: Secondary 
quantitatively  by  comparing  the  number  or  length  of  secondary 

stress  corrosion  cracks. 

The  usefulness  of  Fracture  Mechanics  for  defining  SCC  tendencies 

necessary  for  the  initiation  of  cracks  growth.  The  value  ° ISCC 
is  calculated  from  the  load  vs  crack-mouth  owning  displaceme 
curve.  From  that  graph  the  stress  intensity  factor  for  the 
specific  material-sample  geometry-environment  (Kq)  will  be 

calculated  according  to: 


Kq  = [PQ  /bVw] .f (a/W) 


where : 
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B=  specimen  thickness 
W=  specimen  width 
a=  crack  length,  and 

f (a/W)  = [ (2+a/W) ( . 886+464a/W-13 .32a2/W2+14 ,72a3/W3-5 . 6a4 /W4 ) ] / [ 1-a/W] 3'2 

Pq=P5  if  the  load  at  every  point  in  the  graph  preceded  P5 
(See  Fig. 5) 

pQ=Pmax  if  there  is  a maximun  load  preceding  P5  in  the 
graph  (Fig. 5) 

The  value  of  Kq  will  be  equivalent  to  KIC  or  KISCC  if: 

1*10  and 

B and  a>  2.5(Kg/Sys) 

if  the  above  two  constraints  are  not  satisfied  then  the  test  is 
not  valid  for  determining  KIC  and  KISCC,and  a new  test  have  to  be 

done  using  a thicker  specimen, usually  1.5  times  thicker. 

With  values  of  KIC  and  KISCC  obtained  from  the  slow-strain  rate 

test  and  ultimate  and  yield  strength  of  the  material, a curve 
similar  to  that  in  Fig. 6 can  be  obtain, that  will  permit  the 
designer  a better  way  of  predicting  the  life  of  the  structure  for 
a given  design  stress-crack  length  combination. 

The  application  of  the  Fracture  Mechanic  approach  to  design 
concepts  relies  on  the  definition  of  the  boundary  lines  on  the 
stress  vs  crack-depth  diagram.  Figure  6 shows  the  no-crack 
growth, subcritical-crack  growth, and  catastrophic  failure  regions. 
The  boundaries  are  experimentally  definable, with  limits  imposed 
by  SYS  and  S0  for  smooth  specimens  and  KIC  and  KISCC  for  pre- 
cracked samples .Where  SYS  is  the  material  yield  strength  and  Su 
is  the  maximum  tensile  strength. 


Fig  -6  Tensile  Strength  vs  Crack  Length  Diagram  Illustrating 
The  Regions  Of  No-crack,  Subcritical  Crack  Growth, And 
Catastrophic  Failure. 
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Whether  or  not  a component  will  crack  from  the  time  of 
commisioning  will  depend  on  the  tensile  stress-crack  size 
combination.  If  the  initial  stress  intensity  associated  with  this 
combination  is  greater  than  KISCC>  its  lifetime  or  inspection 
periodicity  may  be  determined  by  integration  of  the  appropriate 
crack- velocity  vs  stress  intensity  curve. 
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4 . 0 CONCLUDING  REMARKS 

Constant  strain  rate  techniques  provide  a rapid  laboratory  method 
to  determine  the  susceptibility  of  metals  to  stress  corrosion 
cracking.  Absolute  results  are  obtained  because  failure  occurs 
either  in  a ductile  manner  or  prematurely  by  a brittle  mode  when 
stress  corrosion  cracking  is  present.  The  absence  of  stress 
corrosion  cracking  assures  that  the  material  can  be  used  safely 
under  the  specific  condition  examined.  If  stress  cor^osion 
cracking  is  observed,  judgement  is  necessary, because  the  material 
still  can  provide  sufficient  useful  life  in  service.  The  data 
obtained  from  those  tests  beside  being  useful  for  materials 
selection  on  a sound  engineering  basis  provides  also  for  a better 
understanding  of  the  stress  corrosion  cracking  mechanism. 
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5 . 0 RECOMMENDATIONS 


Due  to  the  short  time  available  and  some  unexpected  delays  part 
of  the  testing  program  scheduled  for  the  summer  could  not  be 
finished.  So  it  is  suggested  that  this  study  be  continued  and 
expanded.  The  areas  where  expansion  is  possible  include; 

1-  Testing  at  different  temperatures, 

2-  Testing  at  other  heat  treatment  conditions,  and 

3-  Testing  in  real  conditions  (exposure  to  real 
atmosphere  under  static  load) . 

A similar  set  of  experiments  can  be  also  done  using  other  types 
of  Precipitation  Hardenable  steels. 
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6 . 0 APPENDICES 


6.1  APPENDIX  A 

Manufacturer  certification  of  properties  and  quality  of 
15-5  PH  steel. 
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E.  FAMULARO,  CERTIFICATION  CLERK 
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15:02  708  343  3033  METALLURGICAL  SERVICES  INC. 


Metallurgical  Services  Inc. 

1201  S.  Ninth  Avenue 
Maywood,  Illinois  60153 
708*343-3444 

Anderson  Shumaker  Company 
824  S.  Central  Ave. 

Chicago/  IL  60644 

Attention:  Mr.  Steven  Tribble 


SUDJECT 

Tensile  and  hardness  testing  of  one  (i)  test  bar  identified  as  15-5 
PHVAC,  Condition  H900,  Heat  #4083-7,  Job  #10553,  AMS  5659. 


199,600 

178,900 


17 

* 

61 


TE0T- RESULTS* 

Tensile  Tooting 

Tensile  strength,  psi 

Yield  Strength,  psi 
1*2%  offset) 

% Elongation  in  2" 

% Reduction  of  Area 


Report  No. : 9274-1 
Date:  2-5-93 
Order  No. : 7401 


Hardness  Testing 

Hardness,  HB  401 


Testing  performed  in  accordance  with  ASTM  E8-91  and  E10-84. 


DGH/mj 


Respectfully  Submitted, 


Metallurgical  Borvioes  Ino. 


David  fiy  Hoffman 
Senior  Metallurgical  Engineer 
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00  1 
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Metallurgical  Services  Inc. 

1201  S.  Ninth  Avenue 
Maywood,  Illinois  60153 
700*343*3444 

Anderson  Shumaker  Company 
024  S.  Central  Ave. 

Chicago,  IL  60644 

» 

Attention!  Mr.  Steven  Tribble 
l 


SUBJECT 

Free  ferrite  examination  of  one  (1)  test  bar  identified  as  15-5 
PHVAC , Condition  II900,  Job  #10553,  Heat  #4083-7,  AMS  5659. 


TBflT  RESULTS* 

Free  Ferrite  Examination 

One  (1)  15-5  PHVAC  stainless  steel  sample  was  examined  for 
percentage  of  free  ferrite  in  accordance  with  Aerospace  Material 
Specification  (AMS)  2315A.  The  sample  was  sectioned  perpendicular 
to  the  direction  of  rolling  ns  identified  in  paragraph  3.1.6.  The 
cample  was  metallographically  prepared  in  accordance  with  ASTM  E3- 
00  and  examined  in  the  etched  condition  at  a magnification  of  250X. 

The  microstructure  was  rated  for  percentage  of  ' free  ferrite  in 
accordance  with  the  occupied  squares  method  as  outlined  in 
paragraph  3.2.1.  The  worst  field  determined  by  metallographic 
examination  was  photographed  at  250X  and  rated  using  a transparent 
grid  overlay.  A total  of  fifteen  squares  were  used  in  the  free 
ferrite  calculation.  The  percentage  of  free  ferrite  was .determined 
in  accordance  with  paragraph  3. 2. 1.1.  The  results  are  as  follows: 

Percentage  Free  Ferrite 


Report  No. : 9274-2 
Date:  2-5-93 
Order  No. : 7401 


.92 


nr.H/mj 


Respectfully  Submitted, 
Metallurgical  Services  Inc. 


Senior  Metallurgical  Engineer 
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ABSTRACT 

, , . i/qp  fmnlov  sampling  system  that  feature  hand  held 

Many  helium-mass-spectrometer  leak  detectors  recommend  snitler  probes  for  leak  location  but 

sniffer  probes.  Authors  of  general  leakage-  ®f  mg  he  lattcr  apphcation  at  KSC  involves  assumptions 

not  for  quantitative  leakage  measurement.  Thei  d h ^in  was  to  establish  the  significance  of 

that  may  be  subtle.  The  purpose  of  the  research  effort and  to  determine  whether  the  use 
indicated  leak  rates  displayed  by  sniffer-probe-equipp  uncertainty  of  leakage  measurements  made 

of  alternative  hardware  or  testing  procedures  may  re  helium  leak  detectors  according  to  their 

with  them.  The  report  classifies  probe-type  «mphng  < in  the  s^npling  system 
internal  Plumbing  (direct  or  the  inter not  supply-trwsampie 

in  the  branched-conduit  case,  describes  rnnreDt  for  a sponge-tipped  probe  whose  external 

flowrate  ratio  («  l*  permeation  ratio),  and  lhat  oi  a simple-ended  probe.  One  conclusion  is 

supply-to-sample  flowrate  ratio  promises  to  be  ‘ sa  .jn,  „stems  for  leakage  measurement  is 

rSn;t  <;n  -2^  ~:rn  "0ts 

---  — - be  Kd““d 

significantly. 
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SUMMARY 

As  was  stated  in  the  Abstract  above  the  purpose  oi  “d 

the  significance  of  numbers  displayed  by  e lum  mass-sp  measurement  of  leak  rates)  and 

-*• - - for 

display  that  information  directly).  In  a ^ ionSSg  the  analysis  cell  of  the  mass 

to  a place  (a  mass  separator  cell) loTpressure  port  of  a vacuum  pump, 
spectrometer  via  helium-permeable  win  ° . f uei:um  through  the  probe  tip  is  typically  a 

In  a branched-conduit  sampling  system,  t e ra  e o ra  . j muitiple  (the  internal 

farge  multiple  of  the  rate  of  transport  of  Mta.  "t  SeS  Iduit  sampling 

£s£s ^s^i’=ss=sara 

ts^riSYNOLDS  “ d’ 

tube  diameter,  d,  and  crass  sectionally  averaged  fluid  speed,  «»,  and  a/ 
the  r “ method  ,m 

helium  concentration  from  a bottle  containing  a , matches  the  flow  rate  of  atmospheric 

bottle  and  the  probe  is  adjusted  until  the  flow  ra  e of  ™ e rate  ot  transpotr  ot  ,he 

air  determined  earlier.  The  raW  °[.tranSp0rl  ° ^ '‘’tn^nowing  the  helium  transport  into  the  probe  tip  and 

z - — - the 

conduit  sampling  system.  The  concept  is  mean  PPJ  leakage  of  helium  one  is  trying 

gas  through  the  branched  conduit  ,s  large  in  ooinpKwm  w^h  the  rate  ol  g that 

to  measure.  The  aim  is  to  lower  the  exlemal  supply  to  ^ ^suspect  leak  (much 

of  a simple  open-ended  probe.  One  places  t e sP°"g°  'fi^ncr  over  something  one  wants  to  vacuum  up). 
Tt^ ^L^s"  ^ of  outward  transport  of  helium  by  diffusion  is  small  in 

of  li^  parts  of  the  shuttfe  orb, ter  and 

the  report  also  discusses  some  of  these  implications. 
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SECTION  ONE 
INTRODUCTION 


1.1 


INSPECTION  FOR  LEAKS.  DOCUMENTS.  MOTIVATION  FOR  THE  PRESENT  PROJECT 


Uncontrolled  leaks  pose  hazards  to  personnel  and  equipment  and  compromise  the  ability  of  spacecraft  and 
ground  support  hardware  to  carry  out  their  missions.  Accordingly,  shuttle  operations  personnel  perform  a 
variety  of  leak  tests  on  the  shuttle  orbiter  between  flights. 

Technicians  involved  in  space  shuttle  options  at  KSC  perform  routine  tasks  accordin6  to  AedOM. 
Such  checklists  belong  to  a generic  class  of  documents  called  Operate, ns  and  Maintenance  Instruction, 
abbrevimedOMI.  Ref  1,  titled  "MRS  leak  and  functional  test  (LPS).  (UK  feed  system  ’’is  an  example  o 
» OMlTveming  leak  checking  or  the  Main  Propulsion  System,  specifically  the  system  for  the  tran^ort  o 
Lid  hydrogen  Every  OMI  is  subject  to  rules  laid  down  in  one  or  another  Open,  ions  and  Maintenance 
Z^mejs  end  Specification  Document,  (OMRSD).  Ref.  2 titled  -Orbiter  OM^D 
system (Rockwell  International)  is  an  example  ol  an  OMRSD,  in  this  case  the  OM  * 3 ,,d 

nroceduri  described  in  Ref.  1.  A third  category  of  governing  document  is  a Specification.  Tie f.  3,  titled 
“Proof  pressure  and  leak  detection-Aerospace  plumbing  systems  and  assemblies,”  (Rockwell  International) 
is  an  example  of  a Specification.  The  Rockwell  Specification  (Ref.  3)  expresses  acceptance  criteria  for  leak 
rates  at  various  suspect  leak  sites  on  the  orbiter  and  states  what  kinds  of  instrumentation  are  permissible 
to  verify  that  the  acceptance  criteria  are  satisfied.  This  Specification  allows  for  leakage  measureme  y 
means  of  hand-held  sniffer  probes.  The  OMI  that  pertains  to  leak  testing  of  liquid  hydrogen  systems  (Ref.  1) 
specifically  names  the  mass  spectrometer  leak  detector  as  the  instrument  to  be  used  to  perform  various 

inspections. 

A report  titled  “Report  of  KSC-STS  CHe  Leak  Check  Independent  Assessment”  by  DENNIS  PETERSON, 
dated  May  24  1991  (Ref.  4)  points  out  that  probe-type  sampling  systems  with  internally  branched  conduits 
££  now placed  earher  ones  in  which  the  conduits  were  unbranched.  These  changes  in jnstrumenta^on 
have  induced  changes  in  the  conventions  for  the  interpretation  of  meter  readings  during  leakage  inspections, 
which  ma“1n^ ' turn,  result  in  overestimate  or  underestimation  of  the  rate  of  leakage  from  a test  object. 
The  Peterson  report  argues  that  the  possibility  of  underestimation  is  rea  . 

The  research  reported  herein  was  motivated  by  the  need  to  address  some  of  the  questions  raised  in  the 
PETERSON  report  (Ref.  4)  and  to  consider  possible  changes  in  the  design  of  probes  and  sampling  systems 
that  may  eliminate  some  of  the  uncertainties  of  existing  sysems. 


1.2  ON  THE  EXPRESSION  OF  LEAK  RATES:  DIMENSIONS 

Before  one  can  attribute  differences  in  leak  rate  indications  to  differences  in  experimental  configuration  one 

information  of  this  nature.  . . . 

In  fluid  dynamics  a streamline  is  a mathematical  curve  in  space  that  is  tangent  at  all  of  its  points 
the  local  velocity  direction.  Given  a velocity  field  and  a geometric  point  in  that  field,  one  ca^a^a 
a streamline  that  passes  through  that  point.  If,  alternatively,  one  is  given  a geometric  figure  in  the  form  of 
a closed  loop  all  of  whose  points  lie  in  a velocity  field,  then  one  can  draw  a streamline  through  every  poin 
on  the  perimeter  of  that  loop.  The  family  of  streamlines  so  generated  describes  a tube-shaped  surface  a 
is  called* a strcamlube  Since  a streamtube  is  a surface  generated  by  streamlines  and  streamlines  are  tangen 
to  the  velocity  direction  at  all  of  their  points,  one  concludes  that  a streamtube  is 

velocity  direction  at  all  of  its  points.  It  follows  that  a streamtube  is  impermeable  to  fluid  moiion-Ruid  ne 
r^acls  it  Now  every  leak  belongs  to  a particular  streamtube.  One  may  therefore  apply  all  of  the  ideas 
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that  fluid  dynamicists  have  developed  for  general  streamtubes  to  the  particular  case  when  the  streamtube 
represents  a leak. 

Let  5 denote  a geometric  figure  in  the  form  of  a surface  that  cuts  across  a streamtube  at  one  particular 
station  along  it;  let  u be  the  local  fluid  velocity  vector;  and  let  dA  be  the  differential  directed  area  element 
normal  to  S and  directed  away  from  the  downstream  side  of  it  (the  magnitude  |dA|  represents  the  geometric 
area  of  the  element  described  by  the  vector  dA).  Then  the  volumetric  rate  of  transport  of  fluid  across  the 
infinitesimal  directed  area  element  dA  per  unit  time  is  u-dA.  Let  A be  the  resultant  volumetric  rate  of 
transport  of  fluid  across  the  whole  surface  S.  One  may  compute  A by  summing  the  separate  contributions 
from  all  of  the  infinitesimal  subsurfaces  of  S and  express  the  result  in  the  form  of  the  following  double 

integral 

A=  //(udA).  0-1) 

s 

The  parameter  A has  the  dimensions  of  volume  per  unit  time.  One  may,  for  example,  express  a value  of  A 
in  (cm)3/sec. 

A gram-mole  of  a substance  whose  molecular  mass  is  M is  an  amount  of  that  substance  whose  mass 
in  grams  is  numerically  equal  to  M.  Thus,  a gram-mole  of  helium,  whose  molecular  mass  is  4 is  an 
amount  of  helium  whose  mass  equals  4 grams.  Alternatively,  one  may  say  that  M for  helium  has  the 
value  4 grams/(gram-mole).  Let  h be  the  molar  rate  of  transport  of  fluid  through  a streamtube  across  a 
cross  sectional  surface  <S  (one  may,  for  example,  express  a value  of  A in  gm  - moles/sec).  Let  p'  be  the 
molar  density  of  a gas  (one  may,  for  example,  express  a value  of  p*  in  gm/(cm)  ).  The  number  of  moles 
of  gas  per  unit  time  that  passes  across  the  infinitesimal  subsurface  dA  equals  the  product  of  the  number  of 
moles  per  unit  volume,  p* , times  the  volume  transport  rate,  u-dA  across  that  subsurface,  and  therefore  has 
the  value  p*(u-dA).  One  may  compute  h by  summing  the  separate  contributions  from  all  of  the  infinitesimal 
subsurfaces  of  S and  express  the  result  in  the  form  of  the  following  double  integral 


n = //p*(u.dA).  (^-2) 

s 

The  parameter  n has  the  dimensions  of  amount  of  substance  per  unit  time.  If  the  flow  is  steady,  the  equation 
of  conservation  of  mass  implies  that  the  value  of  n is  the  same  for  all  stations  along  the  streamtube.  In  this 
respect,  the  value  of  ii  is  an  intrinsic  property  of  the  streamtube  as  a whole.  This  streamwise  uniformity 
of  n is  to  be  contrasted  with  the  possible  streamwise  nonuniformity  of  the  volumetric  rate  of  transport  A. 
Variations  of  A may  occur  as  a result  of  compressibility  of  the  gas. 

According  to  the  ideal  gas  law  p = p’TZT,  in  which  p is  the  pressure;  T is  the  absolute  temperature; 
and  TZ  is  the  universal  gas  constant,  whose  value  is 


TZ  = 82.08 


atm-(cm)3 

gm-mole°K 


(1.3) 


The  word  “universal”  in  the  phrase  “universal  gas  constant”  is  meant  to  imply  that  7 Z is  the  same  for  all 
gases  (at  least  those  that  can  be  modeled  as  ideal  gases).  If  one  multiplies  (1.2)  by  7ZT  and  restricts  attention 
to  the  case  when  T is  uniform  over  <S,  one  obtains 


hlZT  = 1ZT 


//P(u  dA)  , 
s 


(1.4) 


whose  rightmost  member  has  the  dimensions  of  pressure  times  volume  flow  rate. 

If  the  pressure  is  uniform  over  the  cross  section  5,  one  may  move  p across  the  integral  sign  in  (1.4)  and 

obtain  * r 

riRT  = P (u-cfA)  = pA  , (l*5) 
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in  which  the  last  equality  follows  from  (11)-  ....  v -p  295°K  = 

If  the  absolute  temperature  T does  not  differ  greatly  KT  has  the  room-temperature 

71.33°F),  then  one  may  carry  out  approximate  calculations  by  assuming  that 

Va,UG  nT  = 24  214  aUn  ^ (for  T = 295° K = 71.33»F).  M 

’ gin-mole 

,,o„c  adepts  the  vaiue  of  KT  given 

bolh  m'“”re  th0  n“  of6“ throueh  ‘ 
stte.It.tube  and  are  both  intrinsic  propcrt.es  of  that  slrean,  u e.  „d  ^ ^ the 

The  relation  (1.5)  between  the  molar  rale  otttMPJrt J example,  the  absolute 

conversion  facto,  TIT  given  by  (I/O  * '"depo.  dent  °f  the  pA  1,  , „ atm  cc/see,  then 

temperature  has  the  value  T — ‘295  K an  le  P-  molar  rate  of  transport  n from  (1.5)  (in  the  present 

these  data  furnish  enough  information  10  =>“  , /scc)  This  value  of  h is  the  same  whether  the  gas 

example,  n would  have  the  value  4.13  x 10  * modeled  as  an  ideal  gas.  The  observation  that 

is  helium,  hydrogen,  nitrogen,  or  any  o e g ^ q(  |,Jilkagc  and  that  this  meaning  is  not  specific 

the  parameter  pA  has  meaning  as  a rue  harometric  pressure  of  the  environment  into  which  the  gas 

***»  ,n  unius',d’  “ mil'ibat' 
“"(->’/-  (both  of  which  arc  suitable  units  (or  the  Tta  ^ gas  leals  [rom  the 

The  parameter  pA  also  has  a interpretation  m terms  °f™°rgag  jn  thc  cxlerior  region  that  had  initially 
inside  to  the  outside  of  a test  object  via  an  on  ic  , - [caks  out  of  a test  object,  it  performs  work 

abutted  the  leak  site  is  displaced  by  the  leaked  gas.  Th - , fe  rescIlts  the  rate  at  which  the  leaking  fluid 
on  the  surrounding  gas  to  displace  it.  The  P‘a^,r^([  P i^  he  rale  at  which  work  is  performed  per  unit 
performs  such  displacement  work  per  unit  time.  In  ^ ’ Qne  concludes  that  pA  may  be  expressed 

time  is  power,  and  the  standard  unit  °r  urc  equal  to  1.01325  x 105  Newtons  per  square  meter 

,r  and  one  -ntimetcr  (cm,  equa,s  10-  meters  (m).  It 

follows  that 

atm- (cm)3  11.01325  x 105  N/(m2)](l  x 10~2  mf  _ 0 101325  ^ = 0.101325  W . (I-7) 

1 = ** 

i -ii  r„  i i>„.  nnrameter  pA  as  thc  leakage  rate,  flowrate, 
Motivated  by  the  foregoing  considerations,  will  role  tt  I P ^ ^ cubic 

or  throughput  in  this  report,  hi  Un»  «t ^ion 
Ts  to  101.325  milliwatts  (exactly,  regardless  of  the  choice  of  gas. 

1.3  the  analysis  cell  of  a mass-spectrometer  leak  detector 

A 1968  NASA  Contractor  Report  titled  (Ref  5),  furnishes  a general 

of  General  Electric  Company  lor  Jet  Prop*  o(  thc  action  of  the  analysis  cell  of  a mass 

^ _ted  body  o(  the 
In  the  sector  field  mass  spectrometer. . Lant  positive  ions  are  accel- 

instrument  are  ionized  by  a bomb.in  ing  “n  (;lic  ficid  whose  direction  is  perpendicular  to 

erated  by  the  influence  of  a ug  1 vo  influence  of  this  magnetic  field,  ions  of  different 

^ S. ' I- - « -rough  a sht  and  ,a„  on 
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that 


a collecting  electrode;  from  it  they  leak  to  ground  through  a high-value  resistor.  The  ion  current 
through  the  resistor  is  amplified  and  read  on  a meter.  By  varying  the  magnetic  field  or  accelerating 
electric  field,  ions  of  any  chosen  mass  may  be  collected. 

One  may  surmise  from  the  foregoing  description  of  the  principle  of  operation  of  the  mass  spectrometer 

i = cqh  , (1*®) 

in  which:  t is  the  electric  current  that  passes  through  the  receiver  electrode  belonging  to  a particular 
charge-to-mass  ratio  of  molecule;  e is  the  charge  of  one  electron;  n is  the  total  flux  of  molecules  of  a given 
charge-to-mass  ratio  through  the  instrument;  77  is  the  ionization  efficiency,  ve.  the  ratio  of  the  flux  ot 
current-bearing  molecules  to  n.  The  following  calculation  illustrates  a self-consistency  check  of  the  units  of 
measurement  of  the  various  factors  in  (1.8): 


Coulombs  Coulombs  ions  molecules 


time 


ion 


molecule  time 


(1.9) 


The  basic  presumption  in  the  calibration  of  a mass-spectrometer  leak  detector  is  that  erj  is  constant,  so 
i oc  n.  One  also  assumes  that  n is  proportional  to  the  partial  pressure  of  the  helium  on  the  upstream  side  of 
the  inlet  leak  to  the  instrument. 

To  standardize  a mass  spectrometer  leak  detector,  one  must  determine  the  instrument  response  to  a 
known  leak  rate.  A common  method  for  producing  a known  leak  rate  is  with  the  aid  of  a calibrated,  leak. 

According  to  Marr  {op.  cit.,  p 112) 

Calibrated  leaks,  leaks  which  deliver  gas  at  a known  rate,  are  sold  by  a number  of  vendors. . Cal- 
ibrated leaks  may  be  divided  into  two  distinct  categories— the  reservoir  leaks,  those  which  contain 
their  own  gas  supply,  and  the  non-rcscrvoir  leaks  to  which  tracer  gas  is  added  during  test 

Among  the  kinds  of  reservoir  leaks  are  permeation  leaks.  According  to  MaRR  (op.  cit.,  p 114),  such  leaks 

employ  the  principle  [of]  gas  diffusion  through  a thin  wall. . ..  Tracer  gas  [is]  permeated  from  the 
area  of  high  concentration  to  air  or  vacuum  on  the  other  side  at  a rate  governed  by  the  permeability 
of  the  thin  membrane. 


Tracer  gas  is  the  gas  whose  flux  is  measured  by  the  analysis  cell.  Here,  and  elsewhere,  I will  assume 
that  the  tracer  gas  is  helium.  A reservoir-type  leak  based  on  the  permeation  principle  may  resemble  a small 
bottle  with  a hand  operated  valve.  The  valve  attaches  to  standard  size  vacuum  couplings  In  use,  the 
operator  attaches  the  standard  leak  to  an  input  port  on  the  leak  detector  and  opens  the  valve.  In  some 
leak  detectors,  the  meter  reading  on  the  electronic  cabinet  is  expressed  in  the  same  units  as  the  leak  rate 
parameter  pA  (say  atm  (cm)3/sec).  The  label  on  the  reservoir-type  calibrated  leak  indicates  its  nominal 
leakage.  By  comparing  the  instrument  reading  with  the  indication  on  the  label,  one  adjusts  the  gain  in  e 
electronic  interface  circuitry  so  as  to  force  agreement  between  the  two  numbers.  On  other  leak  detectors  e 
meter  reading  may  be  in  the  same  units  as  the  electrical  current  in  the  ion  beam  say  Amperes  For  such 
a device,  the  ratio  of  the  instrument  reading  (in  Amperes)  to  the  known  leak  rate  for  the  calibrated  leak  is 
interpreted  as  an  instrument  sensitivity  factor.  Regardless  of  how  the  instrument  is  standardized  the  me  er 
reading  of  a helium  mass  spectrometer  leak  detector  is  proportional  to  (pA)ne.Anaiysis  ceil,  namely  the  rate 
of  leakage  of  helium  into  the  analysis  cell  of  the  mass  spectrometer. 


1.4  TESTING  METHODS  EMPLOYING  ENCLOSURES  AND  SNIFFER  PROBES 


14  1 ENCLOSURE  TESTING  FOR  LEAK  MEASUREMENT.  According  to  one  scheme  for  the  quanti- 
tative measurement  of  leak  rate,  a fluid  line  or  other  test  object  is  filled  with  gaseous  helium  under  pressure^ 
One  measures  the  rate  of  discharge  of  helium  from  a leak  by  first  enclosing  the  test  object  in  some  kind 
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. , , , K x fVl„n  n„«hin<r  the  enclosure  with  a suitable  purge  gas  (the  rate  of 

Sort  of  IS being  known),  and  finally  measuring  the  helium  ^ of 

ut  (pA  W b.  the  rate  of  transport  of  purge  6ar nnt^h.  emtaure  ^ the  effluent.  If 

ItriLu".uto"  t»t  tfre  -osore  and  the  dew  is  stationary 

in  time,  the  net  inflow  must  equal  the  net  outflow  and  one  deduces  that 


(pA)purge  + (p^)ne,  leak  — (P^)efl! 
Let  c denote  the  concentration  of  helium  in  the  effluent.  Then 

(pA)He,  leak 

(pA)em 

If  one  elimates  (pA)em  from  (1.11)  by  means  of  (1.10),  one  obtains 

(pA)lle,  leak 


C = 


(1.10) 


(1.11) 


(1.12) 


(1.13) 


(p A)  purge  ~h  (p A) He,  leak 

One  may  nranipuiate  this  equation  algebraically  to  obtain  a formula  for  (pA)„,  namely 

(pA)H..  mi  “ (jTl)  ' 

, . {ntn  th_  nur(re  eas  delivery  system  then  (pA)putge  is  known.  If 

If  one  incorporates  a flow  metering  device  l to  th'  g g determining  its  helium  concentration  by  mass 
one  then  measures  c by  sampling  the  gas  in  the  effluent f"the  ^termination  of  (PA)„e,  leak-  If  - is  very 
spectrometry,  then  formula  (1.13)  furnishes  a tanula ^for by  ^ a e(pAW-  A 

small  compared  to  one,  then  one  may  approxim  Signature  Test  for  orbiter  main  propulsion  system 

1987  A1AA  Paper  titled  “Dcvcloprnem .» the  llehuml ,ZQUreRDO,  k R.  Smith  (Ref.  6) 

SSKE  » k. 

or  another  of  such  enclosure-type  tests  (op.  at.,  §6.2  p 12) 

1.4.2  SNIFFER-PROBE TESTING  FOR  LEAK 

cated  test  object  may  establish  that  a leak  exis  s f locating  such  leaks  involves  the  sampling 

there  are  or  where  they  are  situated.  A <*"* J™6**  held  sn^er  probe.  The  sampled  gas  is  then 
of  the  air  in  the  vicinity  of  a suspect  leak  s the  rate  of  transport  of  helium  into  the  leak 

— - 

-^dispersed)  Here'  “d 

I will  use  the  term  external  supply- to- sample  flowrate  ratio  for 

(pA)He.  test  object 
(pA)lIc,  probe 

i,.  the  ratio  of  the  rate  of  release  of  l--™ 

into  the  sniffer  probe.  Methods  for  standar  izing  Quantitatively,  but  the  measurement  of  the 

measure  the  rate  of  transport  of  helium  into  c isni  j Notwithstanding  the  uncertainties  in  the 

external  supply-tcsample  flowrate  ratio  is  far  mor  ^ whcn  a s^i(Ier  probe  is  passed  over 
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1.4.3  SNIFFER-PROBE  TESTING  FOR  LEAK  MEASUREMENT.  A 1968  report  titled  “Measurement 
and  correlation  of  helium  and  fluid  leak  rates”  prepared  by  A.  E.  Senear  & A.  W.  Blair  on  behalf  of 
the  Boeing  Company  for  what  was  then  the  Manned  Spacecraft  Center,  Houston  (Ref.  7)  reports  results  of 
extensive  tests  on  artificially  produced  leaks.  The  aim  of  of  these  tests  was  to  separate  the  dependence  of 
leakage  rates  on  leak  configuration  ( e.g . boundary  shape  and  endpoint  conditions  for  the  pressure)  from  the 
dependence  of  leakage  rates  on  the  specific  choice  ofleaked  fluid  (e.g.  helium  gas  versus  hypergolic  liquids). 
In  the  course  of  this  study,  the  Boeing  investigators  performed  some  tests  that  amount  to  a measurement  of 
the  external  supply-to-sample  flowrate  ratio.  Thus,  Senear  & Blair  write  (op.  cit.,  page  42) 

The  helium  snifTer  probe  attached  to  a CEC  helium  leak  detector  with  5 feet  of  Tygon  tubing 
and  fitted  with  a 1/8”  ID  Tygon  tip  (per  Grumman  Specification  LSP-1A-50121A)  was  used  to  test 
an  AN  scribed  fitting  leaking  at  a rate  of  1 x 10~5  cc  He/sec  at  380  psig  applied  helium  pressure. 

The  absolute  sensitivity  of  the  leak  detector  at  the  end  of  the  probe  had  previously  been  determined 
to  be  3.4  x 10-I°  atm  cc/(sec  division).  When  tested  in  the  open  laboratory  and  when  holding  the 
probe  perpendicular  to  the  axis  of  the  leaking  fitting  a vary  large  variation  was  obtained  dependent 
upon  precise  positioning,  with  over  an  order  of  magnitude  difference  recorded  60°  either  side  of  the 
top  of  the  fitting.  Variations  of  about  50%  at  any  one  position  were  also  noted.  The  maximum 
indicated  leak  rate  detected  during  this  experiment  (265  divisions)  was  9 x 10-8  cc/sec,  by  an 
operator  with  prior  knowledge  of  the  location  of  the  leak. 

Experiments  were  also  attempted  with  discouraging  results,  using  the  fingers  to  hood  the  leak 
in  order  to  improve  sensitivity.  These  readings  proved  quite  unstable  and  non-reproducible  although 
an  increase  in  sensitivity  level  was  produced.  Checking  in  the  oper  air,  if  relatively  still,  seems  to 
be  the  best,  most  reproducible  method. 

Table  8 [whose  content  is  reproduced  here  as  Table  1-1  on  the  next  page]  gives  the  results 
obtained  by  four  different  operators  on  four  different  leaks  utilizing  both  the  hooded-by- fingers  and 
open  still  air  probing  techniques.  These  operators  had  no  prior  knowledge  of  the  location  of  the 
leaks.  Examination  of  the  data  will  reveal  that  the  sniffer  probe  technique  is  not  a quantitative 
measurement.  It  is,  to  be  sure,  quite  useful  as  a screening  technique  for  locating  relatively  large 
leaks  (>  1 x 10-6  cc/sec  of  helium). 

SENEAR  &c  Blair  state  the  conclusion  they  draw  from  the  foregoing  results  as  follows  (op.  cit.,  p 70) 

The  sniffer  probe  is  of  qualitative  value  only.  The  observed  leak  rates  are  approximately  three 
orders  of  magnitude  lower  than  the  actual  leak  rate,  and  variations  of  1300%  are  found  between 
different  operators,  and  different  probe  attitudes. 

The  ratio  of  the  number  in  the  leftmost  column  of  Table  1-1  to  the  number  in  the  rightmost  column  of  the 
same  row  represents  the  ratio  of  actual  to  apparent  leak  rate.  This  ratio  is  typically  on  the  order  of  one 
thousand.  In  these  experiments,  the  conduit  that  transferred  helium  from  the  sniffer  probe  to  the  analyzer 
cell  of  the  mass  spectrometer  was  direct,  i.  e.  all  of  the  helium  that  entered  the  probe  tip  was  counted  in  the 
computation  of  the  apparent  leak  rate.  One  concludes  that  in  the  Boeing  data  of  Ref.  7 the  ratio  of  actual  to 
apparent  leak  rate  (whose  value  was  approximately  one  thousand)  was  equal  to  the  external  supply-to-sample 
flowrate  ratio  of  the  sampling  system  that  the  investigators  employed.  Table  1-2  (on  the  second  page  after 
this  one)  lists  the  values  of  the  external  supply-to-sample  flowrate  ratio  corresponding  to  the  data  in  Table 
1-1  (specifically,  the  data  corresponding  to  the  label  “w/o  hood”). 

The  Rockwell  Specification  titled  “Proof  pressure  and  leak  detection-Aerospace  plumbing  systems  and 
assemblies”  (Ref.  3)  states  what  methods  of  measurement  are  acceptable  for  the  determination  of  leakage 
rates.  Method  A of  the  Rockwell  Specification,  titled  “Probe  Technique”  (op.  cit.  §3.5.1),  indicates  that 
sniffer  probes  may  be  used  for  leak  measurement.  An  appendix  to  the  Specification  titled  “Leak  Point 
Matrix”  defines  the  acceptable  leakages  from  different  parts  of  the  shuttle  orbiter.  Table  1-3  (on  the  third 
page  after  this  one)  reproduces  the  content  of  the  Rockwell  Leak  Point  Matrix 

The  Leak  Point  Matrix  has  two  columns  of  numbers  headed  “Actual  He  Leakage”  and  “Indicated  He 
Leakage”.  For  any  one  part  of  the  orbiter  (represented  by  a particular  row  in  the  Leak  Point  Matrix),  the 
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Table  1-1.  Sniffer-probe  evaluation  results 
after  Senear  & Blair  1968  (Ref.  4>  V 44) 


Known 
Leak  Rate 


v ' 1 

1 x 10"5 

I 

A 

B 

C 

D 

212 

695 

219 

265 

18 

14 

17 

16 

3.62  x KT10 
3.73  x 10_1° 
3.73  x 10“10 
3.40  x 10“ 10 

7.67  x 10-® 
2.59  x 10-7 
8.16  x 10-8 
9.01  x 10-8 

6.51  x 10-9 
5.22  x 10"9 
6.35  x 10-9 
5.45  x 10-9 

5 x 10-6 

A 

B 

C 

D 

84 

339 

69 

180 

17 

8 

6 

14 

3.62  x 10"10 
3.73  x 10-10 
3.73  x 10~10 
3.73  x 10-10 

3.04  x 10'8 
1.26  x 10-7 
2.67  x 10-8 
6.70  x 10-8 

6.18  x 10  9 
2.98  x 10~9 
2.24  x 10“9 
5.22  x 10"9 

1 x 10-6 

1 

A 

B 

C 

D 

16 

62 

10 

13 

2 

2 

1 

3 

3.62  x 10~10 
3.73  x 10“ 10 
3.73  x 10~10 
3.73  x 10" 10 

5.8  x 10-9 
2.31  x 10-8 
3.73  x 10-9 
4.85  x 10"9 

7.5  x 10  10 
7.45  x 10" 10 
3.73  x 10_1° 
1.12  x 10-9 

5 x 10"7 

A 

B 

C 

D 

10 

30 

3 

Mt 

2 

_t 

J 

3f 

3.62  x 10“ 10 
3.73  x 10-10 
3.73  x 10-10 
3.73  x 10-10 

3.62  x 10-9 
1.12  x 10~8 
1.12  x 10-9 
5.22  x 10_9t 

7.5  x 10  10 

t 

t 

i.i  x nr9  $ 

f Could  not  possibly  identify  the  number  of  divisions  (if  any) 

\ Questionable  


numbers  i„  these  two  coiumns  differ by  a factor  c * 

^izsrz=r. 

th'  "tL-prob.  equipped  le.h  detest  that 

sr  £ »— «- * - - — - *-  - 

longCT^than^a^ew^nwtere^^^^  have  motiarated^personncl  ^in  th^'ab^don^^sni^r-^obe 

~ M rr'X^  =£  ^ vsrsx 

:„T,  fba““;ttn^ds  ^cn  ZZZ  ^hundred  feet  iong.  To  satisfy  the  condition  of  very 


415 


Table  1-2.  External  supply-to- sample 
flowrate  ratio  deduced  from  data 
in  Senear  & Blair  1968  (Ref.  4,  P 44) 


Known 
Leak  Rate 
(cc/sec) 

Oper- 

ator 

(pA)lie,  test  object 
(p^)He,  probe 

1 x 10~5 

A 

1536 

B 

1916 

C 

1575 

D 

1835 

5 x 10“6 

A 

809 

B 

1678  1 

C 

2232 

D 

958 

1 x 10-6 

A 

1333 

B 

1342 

C 

2681 

D 

893 

5 x 10-7 

A 

668 

B 

t 

C 

t 

D 

455$ 

f Could  not  possibly  identify  the 
number  of  divisions  (if  any) 

\ Questionable 

low  pressure  in  the  analysis  cell  of  the  mass  spectrometer,  the  fluid  at  the  downstream  end  of  the  conduit 
branches.  One  branch  is  separated  from  the  analysis  cell  by  a helium  permeable  window  (which  is  capable 
of  reacting  the  difference  in  gas  pressure  between  the  analysis  cell  and  the  downstream  end  of  the  condui  ) 
and  the  other  branch  is  connected  to  the  low  pressure  port  of  a vacuum  pump  (whose  exhaust  is  discarded 
at  atmospheric  pressure).  In  the  mean  time,  the  only  flow  rate  that  the  mass  spectrometer  measures  is  the 
rate  of  flow  of  helium  into  the  analysis  cell.  Thus  the  branch  of  the  the  gas  stream  that  passes  through  the 
the  probe  tip  but  does  not  pass  through  the  analysis  cell  is  not  measured  by  the  mass  spectrometer  (and  so 
does  not  contribute  to  the  leak  rate  value  displayed  by  the  instrumentation  on  the  electronic  cabinet  o e 

leak  detector). 

Let  (p A) He  probe  be  the  flux  of  helium  into  the  probe  and  let  (pA)He,  Analysis  ceil  be  the  flux  of  helium 
into  the  analysis  cell.  Here,  and  elsewhere,  1 will  refer  to  the  ratio 


(pA)nc,  probe 
(pA)lle,  Analysis  cell 


(1.15) 


as  the  internal  supply- to- sample  flowrate  ratio.  There  is  an  Operation  and  Maintenance  Instruction  (OMI) 
that  governs  the  procedures  for  validating  the  Leybold  Hereaus  Ultratest  F mass  spectrometer  leak  detector 
equipped  with  the  optional  Quick  Test  attachment  (a  sampling  system  of  the  internally  branched  type).  The 
procedure  described  in  this  OMI  (Ref.  8)  involves  the  determination  of  a parameter  (the  permeation  ratio), 
whose  meaning  is  equivalent  to  the  internal  supply- to-sample  flowrate  ratio  defined  by  (1.15)  (see  cylinder 
samples  check” , sequence  02-010,  p 20,  op.  cil.).  Messers.  Kelvin  II.  Polk  and  J.  Perry  Godfrey  of  the 
Mass  Spectrometer  Laboratory  of  the  Orbiter  Processing  Facility  Shops  (LSO-417)  perform  the  procedures 
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Table  1-3  Leak-Point  Matrix  from,  Rockwell  Specification  MF0001-003 
(Ref.  3,  Appendix  I,  pp  13-15) 


Test  Point 

(OMS/RCSl  _ , 

[Orbital  Maneuvering  System/ Reaction  Control  System], 

All  welded/brazed  joints 
All  Mechanical  joints 

All  He  and  propellant  test  points  (capped) 

All  All  vent  ports  (capped) 

All  He  and  propellant  fill  ports  (capped) 


Actual  He 
Leakage 
(scc/sec) 


1 x 10“4 
1 x 1(T4 
1 x 10-4 
1 x 1(T4 
1 x 10"4 


1 x 1CT4 
5 x 10“3 
1 x lO"4 
1 x 10-4 
1 x lO"3 


MPS  [Main  Propulsion  System] 

All  cryogenic  mechanical,  welded  and  brazed  joints 
Tank  door  seals,  flange  seals,  and  swaged  joints 
Engine  interface  seal 

Pneumatic  joints  less  than  1/2  inch  in  diameter 
Pneumatic  joints  greater  than  or  equal  to  1/2  inch  in  diameter^ 

EPS  [Electrical  Power  Svsteml— Cryo  system 
All  welded  and  brazed  joints  in  H2  and  O2  systems 
Quick  Disconnects  uncapped  H2  and  02  system 
Quick  Disconnects  capped  H2  and  02  system 
Valve  packs  in  Id2  system 
Relief  valve  in  H2  system 
Cryo  tanks  metallurgical  joints  H2  system 
All  dynatube  connections  or  other  mechanical  joints 

EPG  {Electicaj  Power  Generator|-Fuel  cell  system 
All  welded  and  brazed  joints 

All  dynatube  connections  or  other  mechanical  joints 
ECLSS  (Environmental  Control  and  Life  Support  System) 

All  welded  and  brazed  or  solder  joints 
All  Quick  Disconnects  in  ECLSS  (capped  or  mated) 

(unless  otherwise  specified) 

All  dynatube  connections  or  other  mechanical  joints 
All  test  ports  and  instrumentation  ports  (capped) 

Window /Windshield  Cavity  Conditioning  System 
All  welded/brazed  joints 
All  mechanical  joints 
Quick  Disconnects  capped 
Bulkhead  seals 

All  test  ports  and  instrumentation  ports  (capped) 

t MSHP=Mass  Spectrometer  Hand  Probe  criteria.  when 

— «»  actots - 
p) S iho  maximum  indicated  reading  which  may  be  accepted. 


MSHPf 
Indicated^ 
He  Leakage 
(scc/sec) 


1 x 1(T7 
1 x 1(T7 
1 x lO"7 
1 x lO"7 
1 x 10~7 


1 x lO-7 
5 x 10"6 
1 x HT7 
1 x KT7 
1 x 1(T6 


1 x 1(T4 
NA 
NA 

1 x 1(T4 
NA 

1 x 1(T4 
1 x 1(T4 

1 x 1CT7 
NA 
NA 

1 x icr7 
NA 

1 x 1(T7 
1 x 10-7 

1 x 10-4 

1 x 1(T7 

1 x 1(T4 

1 x 10“7 

X 

t— ‘ 

0 

l 

1 x lO"7 

1 x KT4 

1 x KT7 

1 x 10“4 

1 x 1(T7 

1 x 10“4 

1 x 10-' 

1 x KT4 

1 x 10-' 

1 x 1CT4 

1 x 10- 

1 x 10“4 

1 x 10- 

5 x lO"3 

5 x 10“ 

1 x 10~4 

1 x lO" 

using  the 
to 
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described  in  this  OMI.  They  inform  me  that  the  value  of  the  permeation  ratio  for  Quick  Test  systems  they 
test  is  nomrally  between  300  and  400,  and  that  the  value  400  is  typical. 

In  the  case  when  the  sampling  system  is  of  branched  conduit  type,  one  may  relate  the  actual-to-indicated 
leak  rate  ratio  to  the  external  and  internal  supply-to-sample  flowrate  ratios  as  follows 


(pA)nc,  test  object  _ (pA)lle,  test  object  x (pA)ne,  probe 
(pA)ne,  analysis  cell  (pA)lIe,  probe  ^ (pA)ne,  analysis  cell 


actual-to-indicated 
leakrate  ratio 


external 

supply-to-sample 
flowratft  ratio 


■ ✓ 

internal 

supply-to-sample 
flowrate  ratio 


(1.16) 


i x a DIFFICULTIES  IN  TIIE  INTERPRETATION  OF  ACCEPTABILITY  CRITERIA.  With  the  aid  of 
i^t  J W into  sharper  locus  the  dil.icuh.ies  o(  interpreting  the  Rockweli  Leak  Pomt 

Zto  WuireLhts  (Table  1-3)  in  the  case  when  the  snider  probe  on  the  leak  detector  is  used  m eonjunc  .on 
with*a  samplhig^ystern  ot  branched  conduit  type.  To  fix  ide*.,  suppose  that  a probe  operator  ,nsp«=«  a 
tPct  obiect  with  a Leybold-llereaus  Ultratest  F leak  detector  equipped  with  a Quick  Test  sampling  sy 
Now  the  Quick  Test  sampling  system  is  of  branched  conduit  type  (as  opposed  to  direct  conduit  type),  i so > on 

not  assume  auton.atlcall,  that  the  the 

rate  ratio  is,  according  to  (1.16), 


400, 000 

actual-to-indicated 
leakrate  ratio 


Ujoo 

external 

supply-to-sample 
flowrate  ratio 


c 400 
internal 

supply-to-sample 
flowrate  ratio 


(1.17) 


Of  course  the  value  400  000  for  the  actual-to-indicated  leak  rate  ratio  is  much  larger  than  the  value  1 000 
Sh  L Rockweil  Leak  Pent  Matrix  (Table  1-3).  Two  hypotheses  (or  thrs  apparent  ,„co„s,steney 

come  to  mind: 

tt  ,t  ■ r Tie  f),„rk  Test  vrobe  acts  on  the  air  in  its  neighborhood  as  a mass  sink.  Transport  of  helium 
JwardTht^robc  in  consequence  of  this  sink  flow  dominates  over  transport  away  from  the  leak*™™  ™ 
consequence  of  molecular  diffusion  and  lateral  transport  in  consequence  of  ambient  crossflow  The 
1 OOOfor  the  external  supply-to-sample  flowrate  ratio,  which  was  assumed  in  the  derivation  of  (U7) , » 

’ A infio  Roeinff  data  (Table  1-2)  These  data  were  taken  with  sampling  systems  of  direct  yp  . 

Birotk  St » mts  or  Snld  type.  The  sampling  system  used  u>  collect  the  data  in  the  Boemg 
«nd™  ne«R  Kembles  the  Leybohl  Hereaus  Siandart  Prete,  a sampling  system  o the  direct  conduit 
type  which  may  be  fit  to  the  Lcybold  Hereaus  Leak  Detector  as  alternative  to  the Qul* Ttet  MUAm^  . 
The  rate  at  which  this  direct  conduit  system  draws  in  atmospheric  air  is  about  1 x 10  atm  (cm) 

Jor  suc^  a device  one  may  conjecture  that  the  mechanism  that  dominates  the  transfer  of  helium  from  the 

srs  ^==5^2255 

"pTl  TaaidTrobe  with  a draw  rate  o(  1x10*’  at,„  (em)Vsec  is  an  incfiicicnt  process  wh.ch  « eas.ly 
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disrupted  by  unavoidable  conditions  in  the  test  environment.  The  high  value  of  the  external  s^Pply'^^P’® 
S dtaerSThy  the  Boeing  investigators  of  Ref.  7 (ie.  the  value  1,000)  is,  accord, ng  to  th.s  argument,  a 

reflection  of  the  inefficiency  of  this  diffusive  transfer  process. 

Consider  now  the  Quick  Test  system.  The  rate  at  which  the  Quick  Test  system  draws  in  a^osphene 

due  to  ambient  crossflow  is  counteracted  to  a greater  or  le^  extent  by  the  trans  er 

actual  transfer  from  the  leak  source  to  the  Up  Q Standard  Probe  (whose  draw  rate  is  three 

then,  under  Hypothesis  I,  a computation  corresponding  to  (1.16)  would  be  of  the 

2.5  x 400  (U8> 

external  internal 

supply-to-sample  supply-to-sample 
flowrate  ratio  flowrate  ratio 


1,000 

actual-to-indicatcd 
leakrate  ratio 


l.vnothcsis  11.  6C-WC  sump, my 


(pA)ile,  probe 


(pA)ac,  probe x (pA)He,  analysis  cell 


Corrected  Indicated 
Leak  Rate 


(pA)lle,  analysis  cell 


(1.19) 


Uncorrected  Indicated 
Leak  Rate 


internal 

supply-to-sample 
flowrate  ratio 

B :rrs=';.r^."!Sr,:  r iBssssrssss 

rate  as  follows:  . / A\  ..  , 

(pA)ne.  test  object  _ (pA)||e,  test  object_ 

(pA)i,c,  probe 


(1.20) 


(pA)ne,  probe_  x (pA)IIc>  ana|ysis  ccU 


or 


(P  A)  He,  test  object  

(pA)lIc,  probe 

> ' 

Ratio  of  Actual  Leak 
Rate  to  Corrected 
Indicated  Leak  Rate 


(pA)lle,  analysis  cell 

((pA)lIet  test  object 
(pA)flc,  analysis  cell 


(j>A)ne,  probe 
(pA)ne,  analysis  cell  / 


(1.21) 


end-to-end 
supply-to-sample 
flowrate  ratio 


internal 

supply-to-sample 
flowrate  ratio 
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which  is  just  a rearrangement  of  equation  (1.16)  above.  If  one  assumes  an  end-to-end  supply-to-sample 
flowrate  ratio  of  400,000  and  an  internal  supply-to-sample  flowrate  ratio  of  400,  then  a computation  corre- 

sponding  to  (1.21)  is 


Ratio  of  Actual  Leak 
Rate  to  Corrected 
Indicated  Leak  Rate 


400,000  -r  400 

end-to-end  internal 

supply-to-sample  supply-to-sample 
flowrate  ratio  flowrate  ratio 


(1.22) 


which  is  a rearrangement  of  (1.17). 

Now  Hypothesis  II  is  the  more  conservative  of  the  two  hypothesis  in  that  it  is  more  likely  to  overestimate 
the  rate  of  leakage  from  a test  object.  The  information  in  the  Rockwell  Specification  (Ref.  3)  is  not  clear  as 
to  which  of  the  above  two  hypotheses  it  requires.  The  relevent  passages  in  the  text  of  the  specification  rea 

as  follows: 

3 2 1 The  LeyboId-IIercaus  Ultratest  M,  M2,  or  F with  Quick  Test  atttachment  shall  have  oper- 
ating instructions  attached  that  shall  include  the  necessary  ratio  and  entrainment  information 
so  that  its  indicated  readings  may  be  converted  to  actual  leak  figures. 


3.2.2  The  permeability  ratio  shall  be  determined  using  the  volume  method  for  obtaining  the  indicated 
leak  rate  and  shall  be  600  or  less  before  the  leak  detector,  with  hose  and  probe,  may  be  used 
(Ref.  Calibration  Procedure  344-2027  [titled  “Calibration/Service  Procedure  for  the  Leybold 
Hereaus  Mass  Spectrometer  Leak  Detector”]). 

One  should  also  recall  one  of  the  footnotes  to  the  Leak  Point  Matrix  reproduced  in  Table  1-3  above.  That 
footnote  reads 

All  leakage  indications  are  “Single  Point”  leaks.  These  acceptance  criteria,  when  using  the 
Ultratest  M,  M2,  and  F system  shall  be  corrected  with  the  appropriate  factors  (ref.  3.2.1)  to 
provide  the  maximum  indicated  reading  which  may  be  accepted. 

The  quoted  passage  from  §3.2.1  seems  to  require  that  the  “operating  instructions  attached”  to  the  Quidc 
Test  contain  not  merely  the  Permeation  Ratio  (i.e.  internal  supply-so-samplc  flowrate  ratio)  but  rather  the 
full  end-to-end  supply-to-sample  flowrate  ratio  (including  the  poorly  understood  factor  due  to  the  external 
supply-to-sample  flowrate  ratio).  In  this  respect,  the  Rockwell  Specification  seems  to  ask  a great deaUf  the 
personnel  reponsible  for  preparing  the  machine  for  use.  I have  read  “Calibration  Procedure  344-2027*  cited 
in  §3.2.2  above*  and  am  satisfied  that  the  procedure  for  determining  the  Permeation  Ratio  is  equivalent  to 
the  one  now  in  use  (c/.  Operations  and  Maintenance  Instruction  OMI  V6II31,  Revision  A-l  (Ref.  8)). 

The  footnote  to  the  Leak  Point  Matrix  just  quoted  above  seems  to  suggest  the  use  of  some  kind  of 
correction  factor  to  relate  Indicated  Leak  Rate  to  Corrected  Indicated  Leak  Rate.  Parts  of  the  specification 
that  mention  corrections  for  helium  background  effects  also  allude  to  such  a correction  factor.  Thus,  in 

§3. 5. 1.1  one  reads 

3 5 11  Normally/ideally  the  background  should  be  low  enough  that  the  allowable  leak  (to  be  de- 
termined) is  at  least  several  times  the  MDL  [Minimum  Detectable  Leak]  . However,  the  MDL 
versus  the  allowable  lleak  is  the  limiting  factor.  The  background  reading  shall  not  exceed  the 
Indicated  Acceptance  Criteria  in  Appendix  I [the  Leak  Point  Matrix,  cj.  Table  1-3  above] 
or  for  the  Ultratest  M,  M21,  or  F the  corrected  Indicated  Acceptance  Critera  (see  note  2 ol 

Appendix  I). 

“Note  2”  cited  above  reads  as  follows: 


* i am  indebted  to  Dr.  William  Van  Dusen  of  Rockwell  (ZK36)  for  furnishing  me  with  a copy  of  this 
document.  1 gather  that  Dr.  Van  Dusen,  in  turn,  obtained  his  copy  from  Mr.  Rustin  Van  Dyke  o 
Lockheed  Training  (LSO-155).  Special  thanks  arc  therefore  due  to  Mr.  Van  Dyke. 
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2)  When  using  the  Amelek  or  Ultratest  M,  M2,  or  F,  if  the  indicated  leak  rate  reading  does  not 
exceed  the  corrected  indicated  acceptance  criteria,  a background  reading  need  not  be  taken. 
Here  again  is  an  allusion  to  a correction  factor.  The  last  excerpt  that  provides  any  clue  about  indicated  leak 

rate  is  a definition  in  §3.5. 1.4  (h),  xnz  . 

(h)  The  indicated  leakage  rate  shall  not  exceed  the  leakage  criteria  of  Appendixl  [the -La* .Point 
Matrix  of  Table  1-3]  and  shall  be  calculated  using  any  mathematical  tool  that  will  produce  the 
same  results  as  the  following  formula: 


indicated 
leak  rate 


leak  detector 
sensitivity 


J x (total  - background  meter  readings) 


(DuPont,  or  Vceco  machines  [of  direct  conduit  type])  [or] 


indicated 
leak  rate 


— corrected  - background  meter  readings 


(Ametek  and  Leybold-IIcreaus  Machine  [of  branched  conduit  type])  only  if  the  total  exceeds 
1 x 10'7  [no  units  given  in  original]. 

ratio  is  assumed  to  be  approximately  2.5). 

In  the  mean  time,  Operation.,  and  Maintenance  Instruction  V1009.005  (Itof.  1)  covers  the  Procedures 
Hypothesis  I.  There  would  seem  to  be  a need  to  reconcile  the  requirements  of  References  1 an  . 
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SECTION  TWO 
CAPILLARY  FLOW 

2.1  THE  EQUATIONS  OF  MOTION  OF  A VISCOUS  GAS  IN  CYLIDRICAL  COORDINATES 
of  conservation  of  mass  in  the  form 

(2.1) 


dp  1 d(rpur)  , 1 d[pue)  , djpuz)  _ n 

’dt+r~~dT~  r 30  + dz 


wmmmmm 

force  times  time  divided  by  area).  , . 

equation  are  as  follows.  The  radial  component  of  the  momentum  equation  is 


/ dur 
dt 


dur  u$  dur 

+ Ur^  + T~do+Uz 


dur  (uo)2\_  dp_2t(ldu1  tv_diviA 

1h  r~ ) ~ ~dr  V \r  dO^r  3 ) 


IJL 

^ r dr 


/ dur  divu\l 

1 d ' 

lr2H^"  3 )J 

| r d9 

G 


dd 


— 

r 


\1  d 

( dur  duz  N 

)J  dz 

**  V dz  + dr  ) 

+ P9r  i 


(2.2) 


the  azimuthal  component  of  the  momentum  equation  is 

ran,  Du,  + --  + ^) 

^ + + + r d0  + r \r  dO  r dr) 


p 

4- 


;*lr'‘(;9«_T+-arJJ  + r9«rva»  r 3 'J  Vs*  ra<,'J 


+ P9e,  (2-3) 


and  the  axial  component  of  the  momentum  equation  is 


f duz 

)VdT  + u 


duz  ue  duz 
dr  ^ r dO 


+ u, 


duz\  _ _dp 
: Oz  ) dz 


Uf  ' w / _ ..  \ 

1 d r (duT  3u.Y|  id_\  + A 2/1 

+ rfr[^\d^'&r)\  + rdeY\dz\  de  )\  dz[  \dz  3 J 


+ P9z 


in  which  divu  is  an  abbreviation  for  the  divergence  of  the  velocity  field,  z.e. 

duz 
r 


1 d(rur)  1 due 
divu= Q^-+r~dO  + dz 


(2.4) 


(2.5) 
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2.2  SIMPLIFICATIONS 


2.2.1  NEGLECT  OF  THE  GRAVITY  TERMS.  I will  assume,  here  and  elsewhere,  that  the  gas  - 
capillary  is  ideal.  Thus,  _ ^ , (2-6) 

to  which  the  mass  specUlc  gas  constant  R is  related  to  toe  universal  gas  constant  « by  ^ 


r = 


M ’ 


(2.8) 

(2.9) 


in  which  M is  the  molecular  mass.  Now  the  element  of  ‘ist 

y dr 1 r 89 * dz  ) 

.. ».  «_  _»  - * >—• — • “ “ 1 

—.^7;-* 

|Vp|  AT  |Vp|  . 

ir  « is  the  length  ol  the  capillar,  then  an  order  ol  ma.itude  estimate  ol  the  quotient  P/,VP,  ,s  ^ 

~ i . 

|Vp|  I rp 

The  expression  KT/|g|  represents  a -length  ^ i^ownteStt/en  the  scale  height  is 

be  specific,  if  an  isothermal  atmosphere  is  m static  equih  r ofe  For  air  at  T = 296°K,  the  scale 

^ height  by  II,  then  (2T0)  and  (2.U)  imply  that 

\p&\  P 1 £ 12 


(2.12) 


w the 

d(  )/dt  will  be  equated  to  zero. 

2 2 3 THE  ASSUMPTION  OF  AX, SYMMETRIC  FLOW 

— — (2  ,M2-5) 

reduces  to  j d{rpu r)  d(puz)  _ q (2-13) 

r dr  dz 

ur  clivu" 


dur  dur 
plUr___+uz  — 


il 


dp  2 p 

dr  r 


i d_ 

^ r dr 


0 = 0, 


r (dur  divuYI  d\ U(^L+ 

r2P\  dr  3 jj  + dz  V dz 


dU; 

Ih 


( ®UZ  ■ 
'(“'■§r  + 


duz 

Z~dz 


_dp.il 

’ dz  r dr 


and 


1 d(rur)  duz 
divu  t-  ~ 


(2.14) 

(2.15) 

(2.16) 
(2.17) 


respectively. 
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2.2.4  USE  OF  THE  ASSUMPTION  THAT  THE  CAPILLARY  IS  SLENDER.  Let  t be  the  inside  diameter 
of  the  capilllary.  If  the  capillary  wall  is  impermeable,  one  may  solve  (2.13)  for  ur  as  follows.  If  one  regards 
p,  ur,  & uz  as  functions  of  the  argument  list  (r,  z),  then  one  may  write  (2.13)  in  the  form 

1 [rp(r,  z)ur(r,z)\  = -r-1  [p{r,z)uz(r,  z ))  . (2.18) 

An  equivalent  equation  written  in  different  notation  is 

1 [€/*€,  W€.  *)«*&*)!  • (219) 

If  one  integrates  (2.19)  with  respect  to  £ from  f = d/2  to  £ = r and  applies  an  impermeable- wall  boundary 
condition  (ur)r=d/2  = 0,  one  obtains 

rp(r,z)ur(r,  z)  = — J K&  2)Ur(C>  z)\ > (2.20) 


or 


ur(»-,  z)  = — t — r f iyr  • 

rp{r,z)Jd/ 2 dz 


(2.21) 


Let  Ur  & Uz  be  velocity  scales  typical  of  the  velocity  components  ur  and  uz,  respectively.  Then  (2.21) 
implies  that  Ur  is  related  to  Uz  by  the  following  order-of-magnitude  balance 


Ur 


(2.22) 


or 


Ur  ~ Uze , 


(2.23) 

(2.24) 


in  which 

€ = d/e 

is  a slenderness  parameter  for  the  capillary.  I will  assume  in  what  follows  that  e < 1. 

Of  the  various  viscous  terms  in  the  right  member  of  the  axial  momentum  equation  (2.16),  one  may  show 

that  the  term  i o / a \ 

11  (2.25) 

r dr  \ ^ dr  J 

dominates  over  the  others  as  follows.  Let  p0  be  a viscosity  scale  typical  of  the  viscosity  of  the  gas  in  the 
capillary.  Then 

rTr  ~ ~dT  ’ 

and 


\ 3 ( dxir 

rTr  57 


f-taUr  poeUz  _ pp(^Uz 

<P 


dr  } dt  de 

in  which  the  last  equality  follows  from  (2.24).  Moreover 


(2.26) 

(2.27) 


d (n  duz\  po Uz  p-Uz  2 

Tz  ) ~ ~r  - sr 


(2.28) 


Now 


divu 


1 d{rur)  duz  Ur  U2 

aT~T  + T 


eUz  Uze 

d + d ’ 
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or 


div  u • 


u*i 

d 


(2.29) 


Thus, 


d_ 

dz 


2M 


( divu\ 
V 3 ) 


Mo  Uz*_  _ Mo^g  £2 

t d cP 


(2.30) 


dz  [ V 2 J 1 “ 

. t /o  27')  (2  28)  & (2  30)  are  therefore  of  the  order  e 2 times  the  viscous  term  (2  ) 

neglects  these  higher  order  terms,  the  axial  momentum  equation  (2.16)  reduces  to 

(2.31) 


( duz  duz\  _ _dp  1 £ . 

P VUrlT  + Uz'5lJ  “ 5z  + rdrV^^r/ 


If  one  carries  out  estimates  of  the  ^"fTe 

equation  (2.14),  one  finds  that  the  larges  o the  ratio  of  the  inertial  terms  in  the  radial 

the  order  .times  */*■  One  is  then  led  to  treat , as  a function 
Lr  the  2d“  coordinate  a only  and  to  write  (2.31)  in  the  form 


duz  duz 
p [ ur—z — H uz 


dr 


dz 


dp 

dz 


+ 


1 d ( duz\ 
rTr  • 


(2.32) 


as  follows 


UrUz  potUz  (2.33) 

d ’ 

& 

Qz  ~P0-f~Pi 

. the  left  member  of  (2.32)  to  the  order  of  magnitude 


duz 

pu^ 


po- 


d 

duz  Uz  ~ c 
Pu'~~n7  d 


(2.34). 


The  ratio  of  the  order  of  magnitude  of  the  inertia  terms  in 
of  the  viscous  term  in  the  right  member  is  therefore 


\pz-±U 

L| 

(poU*d\ 

(ejih) 

\ MO  / 

(2.35) 


The  expression  poU.d/^o  is  the  Reynolds  number  based  on 
will  assume  in  what  follows  that  f p0Uzd\  1 

V ^0  / 

Which  allows  one  to  approximate  (2.32)  by  the  simpler  equation 

± = il(ru^A  ■ 

dz  r dr  \ dr  ) 


the  capillary  diameter  and  axial  velocity  scale.  I 


(2.36) 


(2.37) 
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2.3  DEDUCTIONS  FROM  THE  SIMPLIFIED  EQUATIONS 


2.3.1  SOLUTION  FOR  THE  AXIAL  VELOCITY  DISTRIBUTION.  If  one  assumes  that  the  viscosity  p 
does  not  vary  significantly  across  the  cross  section  of  the  capillary,  one  may  rewrite  (2.37)  in  the  form 


1 d f dug  \ 1 dp 

r dr  \ dr  ) pdz 


(2.38) 


One  may  write  the  general  solution  of  the  differential  equation  (2.38)  in  the  form 


uz 


r2  1 dp  . 

~,z+Aln 


+ B , 


(2.39) 


in  which  the  parameters  p, 
velocity  be  finite  on  the  axis  r 
condition 


A , and  B are  all  independent  of  r.  If  one  imposes  the  condition  that  the 
= 0,  one  deduces  that  A = 0.  If,  moreover,  one  applies  the  no-slip  boundary 

(tOr=<i/2  = 0,  (2.40) 


one  may  compute  the  value  of  B.  The  resulting  formula  for  uz  is 


u 


z — 


1 dp 
Ap  dz 


(2.41) 


Equation  (2.41),  or  some  equation  of  equivalent  meaning,  appears  in  nearly  every  textbook  on  fluid  dynamics 
and  is  normally  associated  with  the  names  Hagen  and  PoiSEUlLLE.  All  of  the  standard  derivations  of  (2.41) 
with  which  I am  familar,  however,  assume  that  the  fluid  is  incompressible.  The  present  derivation,  which 
makes  no  incompressibility  assumption  per  se  generalizes  the  result  (2.41)  to  gas  flow. 

If  one  evaluates  (2.47)  on  the  centerline  r = 0,  one  obtains 

(u  ) =-(-X  — ^ (2-42) 

fuzjmax-  y2J  4pdz' 

If  one  orients  the  axes  so  that  the  positive  2-axis  points  in  the  direction  of  the  flow,  then  (a.),nax  > 0 by 
construction.  It  follows  from  (2.42)  that  dp/dz  < 0,  i.e.  that  pressure  decreases  in  the  direction  of  the  flow 
(as  expected!). 


2.3.2  THE  RATE  OF  TRANSPORT  OF  FLUID  VOLUME.  In  (1.1),  let  S be  a circular  cross  section 
(normal  to  the  axis  of  the  capillary),  in  which  0 < r < d/2  and  0 < 6 < 2n.  Let  dA  = rdddrez  and 
u = uzez.  Then  u-dA  = uzrd6dr  and  (1.1)  becomes 


2n  d/2  d/2  - 

= } j u*rdddr=^Tz2n  l 1 

e-0 r=0  V- 0 L 


(2.43) 


2.3.3  COMPUTATION  OF  THE  THROUGHPUT  pA.  USE  OF  AN  ISOTHERMAL  ASSUMPTION. 
STREAMWISE  VARIATION  OF  THE  PRESSURE.  If  one  multiplies  the  two  members  of  (2.43)  by  the 


mass  density  p , one  obtains 


pA  = - 


7 T dp 
8 dz 


(2.44) 
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According  to  the  ideal  gas  law  p = pRT.  One  may  therefore  substitute  p/{RT)  for  p in  the  right  member  of 
(2.44)  to  obtain 

(2.45) 


• 7 r p dp  / d\4 7T  1 / d\  / p2\ 

P = -%^~RTTz  V2 / ~ 8/x RT  \ 2 / d A 2 ^ ' 


Now  pA  is  the  rate  of  transport  of  mass  through  the  capillary  and  is  therefore  independent  of  the  streamwise 
coordinate  z.  If  one  assumes,  moreover,  that  the  absolute  temperature  is  effectively  independent  of  z,  then 
one  may  integrate  (2.45)  with  respect  to  z to  obtain 


tt  1 / d\4  ( p2  pl\ 

(pA)(z  z0)  - Rt  1^2  ) V 2 2 J ’ 


in  which  the  constant  of  integration  has  been  fixed  by  the  condition 

(p)z=z 0 = Po  ■ 

If  one  muliplies  (2.46)  by  RT/(z  - z0)  and  recalls  that  RTp  = p,  one  obtains 


7T 


d \4  p2  -Pq 
Z — Zq 


(2.46) 


(2.47) 


(2.48) 


If  one  evaluates  (2.48)  at  a station  where 


( J})z=zi  Pi  i 


then  (2.48)  implies  that 


pA  = — 


16p 


(D 


4 d zA 

2 1 “ 20 


(2.49) 

(2.50) 


One  may  apply  (2.50),  for  example,  in  the  case  when  station  zero  is  the  inlet  (at,  say,  atmospheric  pressure) 
and  station  one  is  at  the  outlet  (where  the  pressure  is  some  given  lower  pressure).  In  this  case,  of  course, 
Zl  _ ZQ  represents  the  length  of  the  capillary,  £. 

If  one  eliminates  pA  between  (2.48)  and  (2.50),  one  obtains,  after  simplification, 


2 2 
P -Po 


Pi  - Po 


(2.51) 


2 — Zo  Zl  — ZQ 


One  may  intepret  (2.51)  as  an  interpolation  formula  for  the  local  pressure  p(z)  at  an  arbitrary  station  z in 
the  range  ^ < z < zi-  If  one  solves  (2.51)  for  p,  one  obtains 


P = Jpo  + (Pi-Po)(2i_  “J  • 


(2.52) 


which  shows  that  in  the  case  of  gas  flow,  unlike  the  case  of  liquid  flow,  the  pressure  depends  nonlmearly 
upon  the  axial  coordinate. 

2 3 3 THE  TIME  FOR  A FLUID  PARTICLE  TO  TRAVEL  THE  LENGTH  OF  A CAPILLARY.  Consider 
a reference  frame  attached  to  a hypothetical  material  point  which  moves  with  the  gas  velocity  u.  Since  the 
material  point  moves  with  the  fluid  and  the  pressure  decreases  in  the  downstream  direction,  the  pressure  to 
which  the  material  point  is  subject  must  be  time  dependent.  If  one  denotes  the  time  derivative  of  p relative 
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to  the  material  point  by  Dp/Dt,  one  may  show  from  the  chain  rule  and  the  kinematic  definitions  of  the 
velocity  components  in  cylindrical  coordinates  that 

Dp  dp  , dp  ue  dp  (2.53) 

Dt  ~ dt  +Urdv  + r dO  *dz 

The  assumption  that  the  flow  is  steady  (c/.  §2.2.2)  implies  that  9p/9t  - 0.  The  assumption  that  the 

(low  is  axisymmetric  (of  §2.2.3)  implies  that  dp/60  - 0 The  gumption  J fpX^tT « l 
§2.2.3)  implies  that  ue  = 0.  The  assumption  that  the  capillary  is  slender  (c/.  §2.2.4)  implies  that  u,  « u, 

and  dp/dr  < dp/dz.  Equation  (2.53)  thus  reduces  to 

Dp  _ dp  (2.54) 

Dt  Uzdz 

under  assumptions  and  idealizations  already  introduced.  If  one  multiplies  (2.54)  by  p\  one  obtains 

(2-55) 

Consider  a cylindrical  surface  where  «,  equals  the  cross  sectionally  averaged  fluid  velocity  «,  defined  by 

A 


uz  = 


7T(d/2)2 


On  a streamline  where  uz  = uz,  (2.55)  becomes 

( 2Dp\  = pA  dp 
V Dt)  u>=11,  Ad/2)2dz 

If  one  eliminates  dp/dz  from  the  right  member  by  menas  of  (2.43),  one  obtains 


(2.56) 


(2.57) 


(jDp> 

1 pA  P 

V Dtj 

Ad/^)2  \ 

or 


D_  (V\ 

Dt  \ 3 ) 


(pA)2  . 


(2.58) 


7T2(d/2)6 

The  right  member  is  independent 

Of  t in  a reference  frame  moving  with  the  velocity  uz  = One  may  thus  integrate  , 
time  subject  to  the  conditions 

(p)t=to=P0  - (P)t=t|=Pl 
to  obtain  3 _3  8 

M r(pA)2(tl  — to)  ■ 


Pl-Po 


(2.59) 


(2.60) 


3 7T2(ti/2)6 

The  two  equations  (2.50)  and  (2.60)  relate  the  inlet  and  the  outlet  pr^  to^^«  toed  ^mnetem 
obtains 

u _ta)  = (ti-to),  (2-61) 

(ti  to)  (2 . s)2  p\2J  {zi-zo)2 


Pi -Po  _ 
3 

whence 


8/i 

\2{djty 


7T 

16/i 


d\A  p I -Pq 

Zl  - 20 


p j — Po  32  (21  - *o)2 


(2.62) 


li  ~ to  - "(p2-p§)2  3 M (d/2)2 
Tlie  result  (2.62)  expresses  the  time  of  transit  t,  - to  in  terms  of  the  inlet  and  outlet  primes,  the  fluid 
viscosity,  and  the  ratio  d/(z,  - so)  (which  is  the  slenderness  parameter  e introduced  in  §2.  ). 
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2 4 DIMENSIONS  OF  THE  QUICK  TEST  CONDUIT.  A ONE-CAPILLARY  MODEL  FOR  PREDICT- 
ING pA  AND  h - t0.  COMPARISONS  WITH  OBSERVATION. 

The  Quick  Test  attachment  to  the 

7Td  olsmTa  *«*.»  090  and  a " ““ 

d = ^ = 075  mm’  ^ SL,  f_  _ , ,r  _m*  Durine  maintenance  of  the  machine  some  combination 

ET  Upstream™!  the  hoses  is  a metal  capillary  whose  length  is  typically  8 cm  and  whose  mstde  drameter 

iS  ' lu^L^es  the  problem  by  preying  that  a ^^o^gth 

~ Sk  = 'nw  o-  may  tale  , - «.»x  10-  «r~/W- 
If  moreover,  one  assumes  that  (p,/pof  « 1.  then  (2.50)  takes  the  app.oxm.ate  form 

(2-63) 


in  which  po  = 1 atm  = 1.01325  x 106  dyne-sec/(cm)2.  Thus, 

tt(0.045  cm)"1 1(1. 013  x 106  dyne/ (cm)2]2  = M96  x 10- 

•p /\  — : //  \01/o/i^0  ' 


f*  w tv — - ; 

16(1.8122  x 10'4  dync  scc/(cm)2](3048  cm) 


6 dynes  (cm)^ 
(cm)2  sec 


If  one  multiplies  by 


one  obtains 


1 = 


1 atm 


1.013  x 106  dyne/ (cm)2 


pA  « 1.477  -lm  ^Lm^-  (all  green  hose)  . 


(2.64) 


(2.65) 


(2.66) 


sec 


This  value  agrees  well  with  the  target  value  pA  \.o  atm  (cm)  /sec.  n-r^r, 

HZ  repeats  the  calculation  of  pA  but  for  an  ail  red  hose  with  d = 4,  = 0.75  mm,  mstead  of  a green 

one  (with  d = dg  = 0.90  mm),  one  obtains 

pAs50.7125^(Hl£  (all  red  hose)  (2  67> 

‘ sec 

Thus  a reduction  ol  hose  diameter  from  d,  = 0.9  mm  to  dr  = 0.75  mm  roughly  halves  the  throughput. 

,f„„e  substitutes  the  same  values  of  the  parameters  into  formula  (2.62)  for  the  transit  tune  t,  - <0.  one 

obtains  oo  ..ft 


ti  — to 


32  \iV 

T p0(d/2)2  • 


For  the  all  green  hose,  (2.68)  gives 


32  [1.8122  x 10~4  dynesec/(cm)2](3048  cm)2  _ g ?54  sec  (al)  green  hose)  . 
[1.013  x 106  dyne/(cm)2](0.045  cm)2 

The  corresponding  calculation  for  the  all  red  hose  gives 

tl-t0  = 12.61  sec  (all  red  hose)  . 


(2.68) 


(2.69) 


(2.70) 


The  response  time  for  a typical  Quick  Test  configuration  is  about  8 or  * 
idealization  that  the  hose  is  all  green  egress  well  with  nonunal  performance  data  for  the  Qu.ck  Test. 

* i am  indebted  to  Messes  Kelv,n  R.  Polk  and  J.  Pnunv  CODFI.EY  of  the  Mass  Spectrometer  Lab  of 
the  OPF  Shops  (LSO-417)  for  furnishing  me  with  this  information. 
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SECTION  THREE 

A CONCEPT  FOR  A MICROENCLOSURE.  OR  SPONGE-TIPPED  PROBE 


3-1 


The  difficulty  of  obtaining  repeatable  measurements  for  the  external  supply-to-sample  flowrate  ratio 
is  vexing.  This  problem  becomes  moot  if  one  can  construct  an  alternative  probe  design  that  simulates  an 
enclosure,  analogous  to  the  brush  head  of  a vacuum  cleaner,  rather  than  a probe  end  exposed  to  the  free  air 
in  the  test  area. 

I envisage  a probe  with  a flat  metal  disk  welded  to  the  end  (punctured  at  the  center,  so  the  probe 
capillary  is  not  plugged).  The  diameter  of  the  metal  disk  must  be  large  compared  to  the  capillary  diameter. 
If  the  capillary  diameter  is  0.5  mm  then  the  disk  diameter  may  be  as  small  as  0.5  cm.  A porus  sponge  or 
foam  material  adheres  to  the  disk  and  allows  the  user  to  place  the  probe  flat  against  the  test  surface. 

If  the  draw  rate  of  air  into  the  probe  is  large  compared  to  the  rate  of  discharge  of  helium  from  the  leak 
one  is  trying  to  measure  (as  will  be  the  case  if  the  probe  is  attached  to  a typical  branched  conduit  system), 
then  there  is  reason  to  believe  that  external  supply-to-sample  flowrate  ratio  may  be  reduced  to  a level  on 
the  order  of,  say,  1.1  or  less. 
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SECTION  FOUR 

RECOMMENDATIONS  AND  CONCLUSION 


Recommendations:  , . . . 

1 Determine  (by  consultation  with  the  authors,  if  necessary)  whether  the  in  icat  . to_ 

ratio  in  tile  Rockwell  specification  MF0001-003  should  be  interpreted  as:  (1)  the  end-to-end  •hPPjy- 
eamnl#*  flowrate  ratio  (r  e the  product  of  the  internal  and  external  supply-UHsample  flowrate  ratios  , or, 
(II)  the  external  supply-ttesample  llowrate  ratio  only.  II  hypotliesis , (II)  K ‘ 

and  Maintenance  Instruction  V1009.005  (and,  lienee,  current  practice  at  KSC)  is  in  conHic 

Rockwell  specification.  , . _ 

2 Initiate  a program  to  develop  a microenclosure  probe,  preferably  a program  that  would  lead  to 
fabrication  a„5  testing  of  a prototype  device  at  KSC  within  the  next  twelve  months. 

C°n<Tlne<observed  flow  rate  pA  and  the  time  t,  -fo  for  a gas  particle  to  travel  the  length  of  a capillary  are 
prlS  wdl  b,  the  theory  of  capillary  flow  of  a gas  developed  in  the  written  report  for  this  project 

(provided  it  is  applied  under  its  stated  assumptions). 
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1 0 OBJECTIVES 

The  slated  objectives  for  the  Summer  of  1993  were: 

Review  the  Individual  Dcvdopn.cn,  Plan  Survey,  fo,  1994  in  order  ,o  automare  ,he  analysis  of 
the  Needs  Assessment  effort. 

2.  Develop  and  implement  evalualion  methodologies  lo  perform  ongoing  program-wide  course-, 0- 
course  assessment.  This  includes. 

. Propose  a methodology  to  develop  and  implement  objective,  performance-based, 

. m"  software  ft, faei,i,a,e ,he  da, a gathering, 

• S^ssssssssr- 

Surveys 

performance-based,  assessment  ins, rumen, s for  each  .rarnmg  course  offered  a,  KSC. 


File  nN_RPT.DOC,  August  3,  1993,  page  2 
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2.0  THE  INDIVIDUAL  DEVELOPMENT  PLAN  SURVEYS  FOR  1994 


Section  2 or  this  report  deals  with  the  first  objective,  the  Individual  Development  Plan  Surveys 
for  1994.  The  information  stored  in  the  Personnel  Training  Developmental  System  (PTDS)  was 
transferred  to  a Windows  platform  and  processed  using  FoxPro  for  Windows.  Section  2. 1 presents  the 
SOL  commands  used  to  query  the  data  bases  and  produce  the  requested  reports.  As  an  example,  the  first 
page  of  each  report  is  presented  in  the  next  pages.  The  full  reports,  already  delivered  to  NAS  , are 
considered  part  of  this  Final  Report.  Section  2.2  discusses  issues  associated  to  training  cost  and  priority 
and  presents  recommendations  for  further  research. 


2.1  Commands  Used  to  Query  the  Data  Bases 

2.1.1  Report  #1  --  Courses  by  Type  of  Training  by  Organization 


SELECT  DISTINCT  Reportl.unit,  Reportl.tol,  Report  1 course_num,; 
COUNT(Reportl.course_num),  SUM(Reportl.cost),  Courses.title,; 
Traintyp.type,  Units.unitname; 

FROM  Reportl,  Courses,  Units,  Traintyp; 

WHERE  Courses.coursenum  = Report  l.coursenum; 

AND  Unils.unit  = Reportl.unit; 

AND  Traintyp. tot  = Reportl. tot; 

AND  Reportl.unit  = "AC"; 

GROUP  BY  Report  1 courscjium; 

ORDER  BY  Reportl. tot; 

INTO  CURSOR  Repot  1 

CREATE  REPORT  report l.frx  FROM  Reportl  WIDTH  0 COLUMN 
REPORT  FORM  report  l.frx  TO  PRINTER  NOCONSOLE 


NOOVERWRITE 


2.1.2  Report  # 2 - Type  of  Training  by  Organization 


SELECT  DISTINCT  Reportl.unit,  Reportl.tot,  COUNT(Reportl.course_num),; 
SUM(Reportl.cost),  Traintyp.type,  Units.unitname; 

FROM  Reportl,  Courses,  Units,  Traintyp; 

WHERE  Courses.coursenum  = Report  l.coursenum; 

AND  Units.unit  = Reportl.unit; 

AND  Traintyp. tot  = Reportl.tot, 

GROUP  BY  Reportl.unit,  Reportl.tot; 

ORDER  BY  Reportl.unit,  Reportl.tot; 


SS^RT^rtLft*  FROM  Repon!  WIDTH  5120  COLUMN  NOOVERWRITE 
REPORT  FORM  rcport2.frx  TO  PRINTER  NOCONSOLE  NOEJECT 


File  FIN_RFT.DOC,  August  3.  1993,  page  3 
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Page 


1 


07/15/93  1994  Individual  Development  Plans 


Organization: 

Type  of  Training:  io 


Coropt  r ol  ler 


Executive  and  Management 


Course 

K1R94 

K7.176 

K53  4 

K545 

K6140 

K6166 

K63  39 

K6427 

K6715 

K6777 

K753 

K0154 

K9J76 

K9716 

K9941 

K9942 


Course  t itle 

couf  se  exec  run  roi.  issue 
science  tech  Atm  rtmt.ic  rot, icy 

NASA  MANAGEMENT  EPHCATION  PROG 
EXEC  DEVELOPMENT  SEMINAR 
RES  MGT  EPUC  PROGRAM 
MAMAGEUEtrr  DRV  SEM 


ttUMATt  ELEMENT  (THE) 

COMMUNICATION  ft  ItIFUIENCE 

MF.r  UTPATE : MGMT  TP,  ACT  ICES  H ORGAN.  CLIMAIF. 
t It  IPF.R STAMP  IMG  miSINESS  rOl.ICY  6 OPS. 

MMJAP.nip.irr  development  seminar 


APM1NISTRATION  OF  rUUMC  POLICY 
CROSSING  DEPARTMENT  NINES 
TASK  MANAGEMENT  (NASA) 

SEMINAR  ON  MANAGERIAL  COMPETENCIES 


EXECUTIVE  rno.IECT  MANAGEMENT 


Subtotals  for  type  10 


Expcutiv*?  and  ManaQ^^nt 


Number  or  Ikquesls 
1 
1 

12 

1 

S 

1 

3 

3 
1 
2 

4 
3 
9 
3 
1 

2 

52 


Cral 

$0 . 00 
$1 ,775.00 
$24,000.00 
$2  , 175.00 
$4,465.00 
$1,350.00 
$3,750.00 
$630.00 
$670 . 00 
$6,600 . 00 
$0.00 
$5,325.00 
$4, 140.00 
$0.00 
$0.00 
$0.00 

$54 , 880 . 00 
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ORIGINAL  PACsF 

Of  POOR  QUALITY 


1994  Individual  Development  Plans  Pao* 

Otgniliznfion:  AC  --  Comptroller 


Type  of  Training:  Number  of  Request,  Cw 


10 

-- 

Executive  nnd  Management 

— i"v — 

52 

$54. B00. 00 

20 

— 

Supervisory 

68 

$37,704.00 

3d 

Ktinlnoorltui  - Oonoral 

3 

$325.00 

3M 

-- 

Eng Itieer Ing  - Aerospace 

2 

$2,550.00 

30 

— 

Eng i nee?  1 nq  - Electrical /El ect ton 1 c 

1 

$0.00 

3T 

-- 

Engineering  - Systems,  Indus trial 

1 

$390.00 

4 A 

Public  or  Huslness  Administration 

46 

$13,136.44 

4D 

Finance,  Account ing,  Aud l ting 

89 

$33,332.00 

4c 

Personnel 

9 

$960.00 

4n 

— 

EEO,  Haro  or  Ethnic  Studies 

2 

$0.00 

4 E 

-- 

Procurement 

97 

$24.071 .00 

40 

— 

Policy,  Program,  or  Management  Analysis 

7 

$3,050.00 

4 N 

— 

Security  or  Investigation 

2 

$500.00 

4U 

Program  and  Project  Management 

25 

$8,084.00 

47, 

-- 

Other  Admin  1st  rat:  1 ve 

1 

$320.00 

5A 

-- 

Systems,  Safety  and  Area  Access  Training 

4 

$0.00 

5n 

-- 

Academic  Course  Work 

101 

$22,797.88 

6A 

-- 

Haslc  Clerical 

8 

$634.00 

en 

-- 

Inter-personal  and  Office  Management 

11 

$1,009.00 

6C 

-- 

Administrative  Systems 

10 

$750.00 

6t) 

-- 

Other  Clerical 

2 

$99.00 

OA 

-- 

Orientation 

1 

$0.00 

8E 

-- 

Mets/onallty  circles 

3 

$131.00 

er 

-- 

Productivity 

1 

$386 

oo 

-- 

Professional /Personal  Development 

13 

$1,418.W' 

811 

-- 

Comiminicat ion  Skills 

25 

$2,438.00 

87. 

-- 

Other  General 

1 

$595.00 

9A 

-- 

Te  1 ecomrm  i n 1 ca 1 1 on s , Not  wo  r k 1 ng 

2 

$1,210.00 

90 

-- 

Programming  and  Programming  Languages 

26 

$1,255.00 

9D 

-- 

Office  Automat  1 on/ AIM,  Hus  1 ness 

4 

$2,500.00 

9E 

-- 

Software  Managemont,  Systems  Software 

2 

$1,127.00 

9Z 

-- 

Other  Computer  Hardware  and  Software 

7 

f:n  nn 

TOTALS  FOR  AC  --  Comptroller 


621 


216,532.32 
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GRi^NAl  PACK  IS 

OF  POOR  QUALITY 


2.1.3  Report  # 3 --  Summary  by  Organization 

SELECT  DISTINCT  Rcportl.unit,  COUNT (Report  l.coursejium),; 

SUM(Report  1 .cost),  Units.unitname; 

FROM  Report  1,  Courses,  Units,  Trainlyp; 

WHERE  Courses.coursenum  = Report l.coursenum; 

AND  Units.unit  = Report  1. unit; 

AND  Trainlyp.tot  = Report  1. lot; 

GROUP  BY  Report  1. unit; 

ORDER  BY  Rcportl.unit, 

SKS1SS5&*.  FROM  Report?  WIDTH  640  COLUMN  NOOVERWRJTE 
SroRT  FORM  rttpoS.ftx  TO  PRINTER  NOCONSOLE  NOEJECT 

2.1.4  Report  # 4 - Summary  by  Type  of  Training 

SELECT  DISTINCT  Rcportl.unit,  COUNT (Report  l.course_num)„ 

SUM(Reportl.cosl),  Units.unitname; 

FROM  Report!,  Courses,  Units,  Trainlyp; 

WHERE  Courses.coursenum  = Report  l.coursenum, 

AND  Units.unit  = Report I. unit, 

AND  Traintyp.lol  = Rcportl  .lot; 

GROUP  BY  Report  1. tot; 

ORDER  BY  Rcportl. tot; 

FROM  Report4  WIDTH  640 COLUMN  NOOVERWRFTE 
TORNUcporN.frx  TO  PRINTER  NOCONSOLE  NOEJECT 

2.2  On  Training  Costs  and  Priorities 


2.2.1  The  Financial  Impact  of  Training 


IS — »' - - l"c"*d  in C0"eM  *“ 

ses.1 

. Direct:  Materials,  iasMtelor,  tuicioa.  cost  fo.  media,  cost  of  employee !««'  mi  per  diem, 


File  F1N_RPT.DOC.  August  3.  1993,  page  6 
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organization. 


quality 


439 


07/15/93 


1994  Individual  Development  Flans 

Summary  by  Organization 


Pago 


1 


Organizalion 


Number  of  Requests 


Cost 


--  No  mail  code  provided 
AC  --  Comptroller 
CC  — Chief  Counsel 
CD  --  Center  Director 

CM  --  Payload  Management  and  Operations 

CP  --  Payload  Projects  Management 

CS  --  STS  Payload  Operations 

CV  --  Expendable  Vehicles 

PE  --  Engineering  Development 

DF  Facilities  Engineering 

DL  --  Electronic  Engineering 

DM  --  Mechanical  Engineering 

EO  --  Equal  Opportunity  Program 

EX  --  Executive  Management 

HM  --  Human  Resources  and  Management  Systems 

MD  --  Biomedical  Operations  and  Research 

MK  -•  NASA  Headquarters /Space  Shuttle  Operations 

OP  --  Procurement  Office 

PA  --  Public  Affairs  Office 

PM  --  Personnel  Office 

PT  __  Technology  and  Advanced  Projects  Office 
RM  --  Mission  Assurance 
RO  --  Ouality  Assurance 

Rq  Reliability  and  Quality  Assurance 

RT  — Safety  and  Reliability 
SI  --  Center  Support  Operations 
5<5  — Space  Station  Project  Office 

TE  --  Grounds  Engineering 

TL  --  Shuttle  Logistics  Project  Management 

TM  --  Shuttle  Management  and  Operations 

TP  --  Shuttle  Operations 

TV  --  Vehicle  Engineering 


Totals  for  KSC 


13 

$4,764.00 

621 

$216,532.32 

7 

$2,389.00 

20 

$23,616.00 

40 

$18,154.00 

318 

$193 , 895.11 

2318 

$1,321,368.35 

170 

$121,802.00 

136 

$59,804.00 

900 

$484,378.92 

1033 

$572, 131.68 

1225 

$459,930.46 

28 

$5,742.00 

55 

$19,647.00 

12 

$5, 607 .00 

294 

$148,244.18 

156 

$55,289.00 

710 

$301,214.91 

221 

$126,324.01 

733 

$103,086.00 

154 

$81,938.00 

490 

$294,545.' 

2464 

$548,692  . ir 

50 

$30,072.66 

659 

$226,156.10 

1254 

$544,933.96 

262 

$159,045.00 

985 

$811,079.95 

363 

$180,313.00 

471 

$267,918.92 

842 

$338,121.95 

3066 

$1,388,009.52 

20070  $9,114,747.17 
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File:  REPORTS  - Summary  by  Organ!  ration 


07/27/93 


Page  1 


1994  Individual  Development  Plans 


Summary  by  Type  of  1 raining 


Type  of  Training 


Number  of  Requests 


10 
20 
3A 
3B 
3C 
3D 
3F 
3H 
3 J 
3K 
3M 
3N 
3P 
3Q 
3R 
3S 
3T 
3U 
3W 
4A 
4B 
4C 
4D 
4E 
4G 
4J 
4K 
4N 
4P 
4Q 
4R 
4S 
4U 
4Y 
4Z 
5A 
5B 
5C 
6A 
6B 
6C 
6D 
7B 
7Z 
8A 
8B 
8C 
8E 


Executive  and  Management 

Supervisory 

Legal 

Medical  and  Biomedical 
physical  Sciences 

Earth  Sciences  and  Natural  Resources 
Human  Factors 

Mathematics  and  Statistics 
Engineering  - General 
Engineering  - Aeronautics 
Engineering  - Aerospace 

Engineering  - Chemical,  Petroleum,  or 
Engineering  - Civel,  Architectural, 
Engineering  - Electrical/Electronic 
Engineering  - Mechanics/Mechanical 
Engineering  - R & QA 
Engineering  - Systems,  Industrial 
Engineering  - Safety 

Other  Legal i Medical  and  Scientific 
Public  or  Business  Administration 
Finance,  Accounting,  Auditing 
Personnel 

EEO,  Race  or  Ethnic  Studies 
Procurement 

Policy,  Program,  or  Management  Analysis 
Quantitative  Analysis  or  Operations 
Safety  Systems  and  Operation 
Security  or  Investigation 
Logistics 

Supply 

General  Safety  and  Health 
Foreign  Language 

Program  and  Project  Management 
Sales,  Marketing  and  Customer  Service 
Other  Administrative 

Systems,  Safety  and  Area  Access  Training 
Academic  Course  Work 
On-the-Job  Training 
Basic  Clerical 

inter-personal  and  Office  Management 
Administrative  Systems 
Other  Clerical 

Engineering  and  Science  Support /Journeyman 
Other  Trade,  Craft,  Apprentice  and 
Orientation 
Career  Planning 

Pre-Retirement  File  TIN 

Nets/Quality  Circles 


1211 

2691 

31 

33 

19 

112 

15 

5 

186 

33 

698 

146 

190 

473 

165 

246 

55 

100 

46 

1224 

249 

291 

272 

745 

53 

32 

34 

84 

59 

20 

288 

14 

1065 

22 

86 

1325 

2050 

24 

109 

354 

242 
107 

39 

7 

24 

243 
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Cost 

$1,892,420 

$1,655,615 
$17,805 
$4,620 
$6,655 
$65,637 
$0 
$178 
$44,420 
$4,322 
$391,765 
$56,735 
$115,939 
$358,319 
$97,324 
$128,603 
$ 72,268 
$58,419 
$5,565 
$138,947 
$75,729 
$423,196 
$16,439 
$188,475 
$14,938 
$5 , 226 
$12,407 
$12,470 
$22,669 
$3,345 
$59,557 
$6,876 
$836,679 
$5,545 
$27 , 610 
$0 

$552,941 

$0 

$9 , 086 
$35,828 
$30,297 
$9,989 
$4,945 
$7 , 000 
$0 

$6,836 

$1,188 

$29,117 
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File:  Report^;  Summary  hy  Type  of  Training 


07/27/93 


Page  2 


1994  Individual  Development  Plans 


Summary  by  Type  of  Training 

Type  of  Training  Number  of  Requests 


Cost 


8F  Productivity 

8g  Professional/ Personal  Development 

8H  Communication  Skills 

8Z  Other  General 

9A  Telecommunications,  Networking 

9B  Programming  and  Programming  Languages 

9C  Engineering  Applications 

9D  Office  Automat ion/AIM,  Business 

9E  Software  Management,  Systems  Software 

9F  Artificial  intelligence,  Expert  Systems 
9Z  Other  Computer  Hardware  and  Software 


67 

$73 , 907 

943 

$156,450 

1117 

$271,057 

85 

$68,633 

117 

$95,060 

764 

$710,244 

146 

$106,807 

586 

$66,532 

71 

$40,547 

6 

$1,875 

104 

$9,690 

TOTALS  FOR  KSC 


20070  $9,114,747 
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Flic:  Report^  Summary  by  T ype  of  T raining 


2.2.2  The  Priority  of  Training 

FTPS'  1DP  DBF  database  Hie  currently  stores  a -PRIORITY-  field  for 

<*  -*■ JJJ  £2|K  Tt  «;td^'n'ouenec,  „,e 


2.3 


Recommendations  for  Further  Work 


2.3.1 


On  the  Financial  Impact  of  Training 


Ensure  that  the  training-related  I management each  training  course, 
the  major  component)  includes  the  very  ^st  ^i We  ^ ^ Human  Resources  Development 

The  responsibility  of  keeping  this  data  base  up  to  da  g . . coinp0nents  (i.e,  hours,  units  of 

Branch.  The  cost  data  base  should  store  for  fach 1 ‘ ’ . . „ s£.nt  m report  lime  the  computer  will 

resources,  travel  requirements,  spent  elc.  Whether  the 

calculate  the  dollar  cost  with  acluah^,d^0hs^;tJc  trainee’s  organization  or  to  other  NASA 

2 3 2 On  the  Priority  of  Training 

' include  l„  the  da, a base  a field  « S3  ^ 

has  for  the  Cenler  and  for  the  person  making conslJ„e,  but  it  may  be  the  best  method  to 
2SS" (NOT SSTg  Branch,  defines  the  potential  impact  for  the  Center  and  the 

trainee. 

As  » possible  indicator  of  priority  otconten,  and  timing. 

Summer  of  1992  in  the  Needs  Assessment  effort  conducted  by  1 e an  o 


Potential  Impact 


Weight 


Helps  organizational  performance 

Helps  individual's  performance  in  current  position 

Enables  person  to  perform  more  responsible  position 

Useful  but  not  essential 

There  is  no  need  for  training  in  this  subject  matter 


4 

3 

2 

1 

0 


Priority  on  Timing 


Weight 


Needed  within  next  three  months 
Needed  within  next  six  months 
Needed  within  next  year 
Not  an  urgent  need 


4 

3 

2 

1 
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3-0  THE  EVALUATION  OF  TRAINING 


3.1  Existing  Evaluation  Procedures 

Evaluation  of  training  courses  is  limited  to  KSC  Form  1 3 (see  next  page).  This  form  is  processed 
manually  and  its  major  problems  are  that  it  is  not  linked  to  KSC’s  goals  and  objectives,  there  are  no 
cost/benefils  considered,  the  form  is  not  used  to  assess  performance  improvement,  and  the  results  are  not 
used  for  formal  reporting. 


3.2  Objectives 

The  evaluation  of  training  at  KSC  is  envisioned  as  having  the  following  properties: 

• Linked  to  KSC  Mission,  Goals  and  Objectives. 

• Has  a performance  and  valucs-based  focus. 

• Measures  results  in  terms  of  performance  improvement,  financial  impact,  productivity 
and  quality  improvement,  team  building  accomplishments,  and  less  employee  turnover. 

• Resets  priorities  based  on  results. 

• Tracks  training  and  performance  data. 

The  link  to  KSC's  mission,  goals  and  objectives  and  the  performance  and  values-based  focus  will 
be  ascertained  through  user  involvement  It  is  the  user  (NOT  the  Human  Resources  Development  Branch) 
who  must  define  what  is  "required  level  or  performance".  The  evaluation  process  will  determine  the 
training’s  impact  on  performance  by  asking  the  users:  "What  is  the  expected  result  of  training?  and 
"What  may  happen  if  no  training  is  given?” 

3.3  Evaluation:  A Literature  Search 


A literature  search  was  performed  to  ensure  that  the  proposed  evaluation  procedure  agrees  with 
standard  practice.  The  following  sections  discuss  the  sources,  most  common  approaches  identified,  typical 
methods  to  conduct  the  evaluation  and  an  indicator  of  performance  effectiveness,  the  "Content  Validity 
Ratio".  A detailed  discussion  of  the  search  findings  is  provided  in  the  appendix,  along  with  the  list  or 
references  used.  Copies  of  all  references  were  submitted  to  NASA  in  a separate  binder  and  are  considered 

part  of  this  final  report. 


3.3.1 


Sources 


The  literature  search  yielded  782  hits  when  the  keep  words  "TRAINING",  "EFFECTIVENESS  , 
"ASSESSMENT",  and  "EVALUATION"  were  used.  From  those  782  titles,  a total  of  78  abstracts  were 
selected  and  printed.  The  analysis  of  those  abstracts  resulted  in  22  promising  articles  of  which  14  were 
available  at  UCF's  library  (or  though  inter-library  loans).  Most  articles  are  rather  theoretical  in  nature  bu 
a few  described  specific  applications  in  government  agencies  such  as  the  Department  of  Agriculture  (Plant 
Protection  and  Quarantine  and  Forest  Service  divisions),  NASA  Headquarters,  the  Department  of  the 
Navy’s  Navy  Finance  Center,  and  the  Office  of  Personnel  Management. 
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3.3.2  Approaches 

Training  evaluation  usually  takes  one  of  four  emphasis:  (1)  Reaction  where  the  evaluation  is 
conducted  at  the  end  of  the  training  exercise  and  focuses  in  the  trainee’s  immediate  ee  ings  a 
CTviromnent  instructor,  and  the  material  covered;  (2)  Learning,  where  the  evaluation  focuses  on  whether 

the  student  mastered  specific  knowledge  or  skills  through  exams  or  tests  about  ^lime  m en^re  tl  at  the 
Behavior  where  the  evaluation  consists  on  following  the  trainee  over  a period  of  time  to  ensure  that 
person’s  behavior  changed  as  a result  of  the  training;  and  (4)  Results;  where  the  emphasis  of  the 
SatLn  is  not  the  trainee's  learning  (or  lack  of  it)  or  behavior  but  its  impact  on  the  organization  s 

benefits  accrued  as  a result  of  the  training 

3.3.3  Methods 

The  most  commonly  used  methods  to  gather  evaluation  data  are  surveys  and  questionnaires; 

reporting  can  be  mechanized. 

3.3.4  Content  Validity  Ratio  (CVR) 

The  Content  Validity  Ratio  is  an  indicator  of  the  degree  of  acceptance  of  a given  statement  by  a 
Btoup  I Zel  from  . . (absolute  rcjecuou,  ,o  +.  (unanimous  approval,.  » ,s  ca.cula.ed 

as  follows: 
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3.4  The  Evaluation  Procedure 

The  proposed  evaluation  procedure  consists  of  a set  of  two  evaluations  and  three  reports.  Copies 
of  the  evaluations  (as  proposed  and  as  implemented)  are  included  in  the  next  pages. 


3.4.1  The  Scanning  Process 

An  OpScan  Model  5 from  National  Computer  Systems  (NCS)  was  purchased  by  KSC  in  early 
1993  to  mechanize  the  processing  of  all  evaluation  forms.  The  forms  are  designed  with  the  help  of 
DESIGN,  a Windows  based  graphics  package.  DESIGN  allows  the  user  to  define  the  questionnaire,  o 
specify  the  types  of  responses  and  the  response  areas,  and  to  print  the  questionnaire  in  forms  suppl  e y 
NCS  Another  NCS  software,  SURVEY,  processes  the  designed  forms  and  reads  the  scanned  date  into  a 
file  A statistic  (or  a data  base)  package  is  then  needed  to  analyze  the  data  and  produce  reports.  SPSS 
Windows  and  FoxPro  for  Windows  will  be  tried  with  the  data  collected  in  the  first  few  training  courses. 


3.4.2 


Evaluations 


The  proposed  End-of-Course  Evaluation  is  a "reaction"  type  evaluation.  It  has  four  sections.  The 
first  one  "Externals  " deals  with  the  training  environment  (location,  handouts,  etc.).  The  second, 
"I^rurtion"  focuses  in  ,h.  i„s.n,c,o,;  (he  Ihi.d,  -Focus,"  oo  .he  consuls;  and  .he  te.  -Assessu.enh 
provides  .he  trainee's  feedback  of  Ihc  perceived  value  for  .he  orgamzauon.  An  overall  Happrttes  Inde 
will  be  associated  (based  on  a CVR  type  of  analysis)  to  the  trainees  reaction  to  each  training  course. 

A Follow-Up  Evaluation  was  proposed,  to  be  delivered  about  six  months  after  the  training.  Both 
the  trainee  and  the  supervisor  were  targeted.  The  form  focused  on  the  training’s  effect  on  performance 
productivity,  and  satisfaction.  It  asked  also  for  suggestions  for  improvement  and  recommendations  for 
continuation  of  training.  Although  a standard  form  was  proposed  for  both  trainee  and  supervisor 
ana  ysis  of  the  trainee's  responses  would  have  concentrated  in  "behavior  modification  issues,  while  the 
analysis  of  the  supervisor's  responses  would  have  focused  on  the  "organizational  impact."  An  overall 
"Effectiveness  Index"  was  to  be  associated  (based  on  a CVR  type  of  analysis)  for  the  trainees  and 
supervisors’  delayed  assessment  of  the  real  impact  of  each  training  course. 

In  order  to  streamline  the  overall  procedure,  KSC's  Human  Resources  Development  Branch 
decided  to  replace  the  proposed  Follow-Up  Evaluation  by  a briefer  form  dial  ««rgcts  only  the  supemsor.  A 
copy  of  that  form  is  also  provided.  A limited  "Effectiveness  Index"  may  be  associated I (based  on  a CVR 
type  of  analysis)  to  each  training  course,  on  the  basis  of  the  supervisor  s delayed  assessment. 


3.4.3 


Reports 


The  "Reaction"  Report  will  be  an  End-of-Course  Evaluation  Report  to  be  submitted  to  the  Human 
Resources  Development  Branch.  It  will  include  information  such  as  course  ID,  dale,  time,  p ace, 
instructor,  attendance,  cost,  student  reactions,  and  an  overall  "happiness  index  for  the  co 

The  "Assessment  of  Impact"  Report  is  the  result  of  the  follow-up  evaluations.  As  this  eval nation 
stands  now  the  report  will  essentially  reflect  the  supervisor's  assessment  of  the  training  impact  on  the 
orgfnizSnr^rrniance  as  reflected  by  his  recommendation  for  future  similar  training  for  personnel 

under  his  supervision. 

An  End-of-Quarter  Report  is  planned  which  will  summarize  the  number  of  courses  taught,  the 

number  of  students,  cost,  and  indicators  of  overall  happiness  and  overall  effectiveness. 
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KENNEDY  SPACE  CENTER 
TRAINING  BRANCH 

INITIAL  EVALUATION  OF  TRAINING 


SSNj 

- 

MAIL  CODBt 

COURSE ! 
INSTRUCTOR  t 
COURSE  DATE ( S ) » 
SITE: 


■=  “r.-r;r=.rr:rrr 

SD  NA 

EXTERNALS 

1 The  environment  was  suitable  for  learning. 

2.  There  were  no  distractions  during  the  session. 

3 Handouts  used  at  the  session  were  effective^ 

4.  Audio/visual  aids  used  at  the  session  were  effective. 

delivered  the  lessons  clearly  and  emotively. 

6 The  instructor  was  knowledgeable  of  the  materia  a g . 

instructor  kept  my  interest  throughout  the  sessron. 

The  instructor  showed  concern  for  the  student's  understanding 

9 TL'hLTs'oncomponent  was  delivered  effectively. 

10.  Enough  time  was  alloted  to  hands-on  practice. 

^The  material  in  this  class  is  consistent  with  the  actual  and 

current  requirements  of  ^ tasks,  knouledge  and 

12  The  training  focused  on  the  p 

skills  needed  for  acceptable  job  performance. 

13.  The^nowledge  and  skills  were  taught  to  the  appropriate  level 

of  proficiency. 

* i i q not  needed  on  the  30D. 

£ Required  ZlU*  Knowledge  were  « adequately  covered. 

16  The  level  of  knowledge  attained  in  training  meets  the  lev  QOOOO 

' needed  for  acceptable  job  performance. 

ASSESSMENT 

17  overall.  I am  pleased  with  this  course. 

I.!  This  training  will  help  me  on  my  job.  ^ ^ 

iq  Thiq  training  course  is  right  on  ta  g 

20 I reconsnend  that  otbara  from  my  oruanization  attand  thi.  couraa. 
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KENNEDY  SPACE  CENTER 
HUMAN  RESOURCES  DEVELOPMENT  BRANCH 

INITIAL  EVALUATION  OF  TRAINING 


O 


NAME: 


COURSE i 
INSTRUCTOR  t 
COURSE  DATE ( S) * 
SITE  l 


INSTRUCTIONS:  Indicate  the  degree  to  which  you  agree  with  the  following  statements  using 
SA=STRONGLY  AGREE  A=AGREE  D=DISAGREE  SD= STRONGLY  DISAGREE  NA=NOT  APPLICABLE 


PLEASE  COMPLETELY  FILL  IN  THE  APPROPRIATE  BUBBLES  WITH  A #2  PENCIL. 


EXTERNALS 

1.  The  environment  was  suitable  for  learning. 

2.  Handouts  used  at  the  session  were  effective. 

3.  Audio/visual  aids  used  at  the  session  were  effective. 


INSTRUCTION 

4.  The  instructor  delivered  the  lessons  clearly  and  effectively. 

5.  The  instructor  was  knowledgeable  of  the  material  taught. 

6.  The  hands-on  component  was  delivered  effectively. 


FOCUS 

7.  The  material  in  this  class  is  consistent  with  the  actual  and 
current  requirements  of  my  job. 

8.  The  level  of  knowledge  attained  in  training  will  help  improve 
my  job  performance. 


ooooo  - 
ooooo  - 


ASSESSMENT 

9.  Overall,  I am  pleased  with  this  course. 

10.  This  training  course  is  consistent  with  KSC’s  needs. 

11.  I would  recommend  that  others  from  my  organization  attend 
this  course. 


88888  : 

OOOOO  - 


Suggestions  for  improvement  or  other  comments: 
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KENNEDY  SPACE  CENTER 
TRAINING  BRANCH 

FOLLOW-UP  EVALUATION  OF  TRAIN INO 


SSNi 

MAIL  CODBt 

COURSE i 
INSTRUCTOR  t 
COURSE  DATE (S) : 
SITE  l 


INSTRUCTIONS:  Indicate 
9A= STRONGLY  AGREE 


the  degree  to  which  you  agree  with  the  following  statements  using 
A=AGREE  ^DISAGREE  SS=STRONGLY  DISAGREE  rn=NOT  APPLICABLE 


on  the  basis  oE  this  employee's  performance  after  the  referred 
training  course,  the  following  have  improved. 

1.  employee's  supervisory  and  management  skills. 

2.  personal  productivity. 

3.  organization's  productivity. 

\ , employee’s  satisfaction. 

. customer's  satisfaction. 

6.  job  performance-quality. 

7.  job  performance-quantity, 
organization's  morale. 

safety. 

stress  reduction, 
team  building, 
cost  awareness  and  control. 

environmental  awareness.  . ..  WiS  needs. 

This  training  course  is  right  on  target  with  KSC  s needs. 

! reconmend  that  oth.r.  from  my  or,.«lr.tio»  .t»nd  thl.  cour... 


8. 

9. 

10. 

11. 

12. 

13  . 

14. 

15. 


SA  A D SD  NA 


THIS  FORM  WAS  FILLED  OUT  BY: 


EMPLOYEE 

SUPERVISOR 


TODAY'S  DATBt 
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TO: 

(SUPERVISOR’S  NAME) 


MAILCODE: 


KENNEDY  SPACE  CENTER 
HUMAN  RESOURCES  DEVELOPMENT  BRANCH 
FOLLOW-UP  EVALUATION  OF  TRAINING 


PARTICIPANT'S  NAME: 


COURSE i _ 
VENDOR:  - 
COURSE  DATE (S) *■ 


degree  to  which  you  agree  with  the  following  statements  using. 


SA= STRONGLY  AGREE 


A=AGREE  D= DISAGREE  SD=STRONGLY  DISAGREE  NA-NOT  APPLICABLE 


1.  This  employee’s  job  performance  has  improved  as  a direct 
result  of  this  training. 

2.  I would  recommend  that  others  from  my  organization  attend 
this  course. 

TODAY'S  DATE: - 

Suggestions  for  improvements  or  other  comments  concerning 
this  training: 


ooooo  - 

ooooo  - 

■r 


PLEASE  RETURN  THIS  SURVEY  TO  HM-PER-1  IN  A U.S.  GOVERNMENT 
MESSENGER  ENVELOPE. 
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3.5  Expectations 

The  proposed  evaluation  procedure  will  (a)  examine  irammg  r^““^f^stincSt  in  training,  and 

ksc  sXrxsu  <b>  »'2rsssri Hi «— w-s- 

,c,kc8“  continuous  review  of  the  naming  L™"  ’eMS  .he  ,i,nc  nod  resource,  needed  to 

Branch  to  document  ^ ^ “"Snd  Center  resources  spent  in  training,  and  (c)  an  0 jee  tve 
SS'S^Sl^regatev-nes, 

3,6  Recommendations  for  Further  Work 

3.6.1  On  Evaluation: 

The  first  recommendation  is  to  implement  software  to  produce  standard 

report  recipients. 


3.6.2 


On  the  Training  Management  Information  System: 


2 On  ttie  i ranine 

SC£S  sssss 

SSHs22£»  ssssssisss.^ 

data. 


3.6.3 


On  the  Needs  Assessment: 


(-3  VJIl  UIC  

The  whole  Training  System  should  be  con^"  ^ 
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4.0  APPF-NDIX:  Literature  Review 


The  following  pages  were  prepared  by  Joseph  Espino,  a SHARP  (Summer  High  School 
hi  getting  IheNCS  scanner  in  operation.  He  also  wrote  an  operator  manual  for  tins  hardware. 
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training  evaluation  - An  Overview  Of  Existing  Practices 

Four  categories  of  training  evaluation  are  reaction, 
learning,  behavior  and  results  [Stevens  & Hellweg,  1990]. 

Reaction  is  the  trainee's  liking  of  the  training 
course.  This  response  should  be  determined  as  soon  as 
possible  after  the  session  is  completed  [Dewine,  1987] . 
Questions  dealing  with  the  atmosphere,  physical  environment 


instructors  and  training  media  should  be  included  on  the 
first  questionnaire.  An  example  of  a reaction  based 
question  is: 

6.  the  ue.  oi  handouts  In  the  tc.l.M-  _B«ne„t  .Good  -Mr  -foot 


Learning  is  the  evaluation  o£  whether  the  trainee 
remembers  (not  necessarily  uses)  facts,  principles  and 
behaviors  taught  in  class.  This  is  the  least  relevant 
level  of  evaluation  for  an  organization  because  increased 
knowledge  does  not  necessarily  mean  the  knowledge  is  used  on 
the  job  [Stevens  & Hellweg,  1990).  An  example  of  a learning 

based  question  is: 


2.  Pentium  cl...  .lcroproc..«or.  w.t  be  tup.r-cooi.d  prior  to  «...  -True 

The  behavior  level  is  the  most  complex  level  of 
evaluation.  This  deals  with  the  actual  job  improvement  of 
the  trainee.  The  behavior  evaluation  should  come  from 
trainee,  its  supervisor,  subordinates,  and  peers.  It  should 
be  performed  at  least  three  months  after  the  training 
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[Stevens  & Hellweg,  1990] . An  example  of  a behavior  based 
question  is: 

6.  I am  capable  of  speaking  to  large  groups:  _Excellently  _Well  _Acceptably  „Poorly 

Results  are  the  actual  effects  that  training  has  had  on 
an  organization.  Items  such  as  turnover,  absences,  sales, 
customer  satisfaction,  quantity  and  quality  of  performance, 
morale,  cost  reductions,  grievance  reductions,  accident 
rates,  suggestions,  employee  satisfaction  and  time  use 
should  be  evaluated  [Stevens  & Hellweg,  1990] . 

8.  Morale  at  the  worksite  has  (since  my  training).  _Increased  significantly 

^Remained  about  the  same 
_Decreased  significantly 

The  outcome  of  one  of  the  four  areas  may  affect  other 
areas  [Dewine,  1987] . The  amount  of  time  between  training 
and  a post  training  evaluation  is  not  a standard.  Ranges  of 
suggested  times  are  from  two  weeks  to  twenty- three  months 
[Stevens  & Hellweg,  1990] . An  average  time  is  from  four  to 
six  months. 

An  alternate  method  of  evaluation  of  training  is 
content  evaluation.  Content  validity  is  the  evaluation  of 
how  the  training  content  is  related  to  the  job.  The 
training  content  must  be  identified.  Items  that  are 
included  are  knowledge,  skills,  abilities,  and  other 
personal  characteristics (KSAOs)  that  are  needed  for  job 
performance.  The  content  is  then  evaluated  through  a Content 
Validity  Ratio  (CVR)  approach.  People  who  have  a thorough 
knowledge  of  the  job  rate  each  KSAO  on  its  importance  to  the 
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job.  The  following  formula  is 
[Ford  & Wroten,  1984]. 


used  to  determine  validity 


CVR  - pponig  sMt.ina  KSAO  Is  Important  - Feopl p KUtlnq  KSftQ  Is  unlmpoEtflnL 

Total  Number  o£  People 

Positive  CVRs  mean  that  greater  than  half  of  the  people 
stated  that  the  KSAO  was  important  and  negative  CVRs  mean 
that  less  than  half  of  the  people  stated  that  the  KSAO  was 
important.  A method  for  matching  the  CVR  data  and  training 
needs  would  include  the  following  steps.  First  divide  the 
KSAOs  into  categories.  Have  your  job  experts  rate  the 
important  KSAOs  on  a scale.  This  scale  would  determine  how 
training  intensity  and  resources  should  be' spent  on 
different  areas  of  subject  content  [Ford  & Wroten,  1984]. 
These  methods  would  work  well.  However,  they  would  require 
customized  forms  for  each  course  and  extra  manpower  because 

the  procedure  could  not  be  automated. 

Kruger  & Smith  (1987)  recommended  two  different 
surveys:  a skills/behavior  survey  and  a health/stress 
survey.  Both  surveys  use  a system  of  examining  statements 
and  choosing  to  what  degree  you  agree  with  the  statements. 


The  following  is  an  example: 

jvc’RFF  987654321  DISAGREE 
3.  I am  able  to  communicate  with  my  manager.  AGREE  9 8 

The  skills/behavior  survey  deals  with  what  was 
learned,  how  the  trainee's  performance  has  changed  and  how 
it  has  affected  the  organization.  A survey  is  filled  out  by 
the  trainee,  its  supervisor  and  some  others.  A sample 
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question  on  a skills/behavior  survey  might  be: 

6.  I am  capable  of  speaking  to  large  groups:  ^Excellently  _Well  _Acceptably  _Poorly 

The  health/stress  survey  identifies  health  and  stress 
risks  to  the  employee.  It  is  only  be  filled  out  by  the 
trainee.  A sample  question  on  a health/stress  survey  might 
be : 

6.  My  knowledge  of  safety  that  is  required  for  the  job  is:  ^Proficient 

_ Adequate 
_Not  Adequate 
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Existing 


Training  Evaluation  Programs 

The  following  are  some  training  evaluation  programs 
currently  in  place  at  different  governmental  and  non- 
governmental  agencies . 

Department  of  Agriculture-Plant  Protection  and 
Quarantine:  The  Department  of  Agriculture's  Plant  Protection 

and  Quarantine  branch  currently  uses  an  evaluation  program 
m which  the  evaluation  is  done  by  front-line  supervisors. 

The  supervisors  are  first  trained  in  the  skills  needed  to 
evaluate  the  trainees.  The  supervisors  are  then  assigned  to 
evaluate  recently  trained  officers.  The  evaluators  may  use 

•nterviews  performance  observations  and 
questionnaires,  interviews,  pei 

miscellaneous  inquiries  to  gather  data.  These  are  all  use 
a£ter  the  training.  The  trainees  supply  data  concerning 
their  performance  through  either  questionnaires  and 
interviews . The  evaluators  gather  their  own  data  through 
on-the-job  performance  evaluations  and  candid  mquine 
data  is  collected  by  a central  organization  and  comprled  to 

• o if  the  Skills  taught  actually  assisted  the 
determine  if  the  sk.hj-»  ^ 

...  ,hpir  -iobs  Advantages  of  this  program  inclu  e 
officers  with  their  hods. 

i t-  Hat-a  for  evaluation  and  actively 

providing  relevant  data  tor  eva 

involving  supervisors  in  the  evaluation.  Disadvantages 
inciude  long  length  of  time  needed  for  process,  requiring 
supervisors  to  do  work  soleiy  on  evaluation  causes  need  to 
hire  temporary  replacements  and  expensive  travel  costs  o 
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supervisors.  A final  disadvantage  is  that  the  evaluation  is 
based  on  the  specific  job  or  supervisor's  objectives  and  not 
those  of  the  entire  organization  [Salinger  & Roberts,  1984] 
Department  of  Agriculture-Forest  Service:  The  Forest 
Service  currently  uses  a questionnaire-based  evaluation 
system.  Standard  questionnaires  are  completed  by  the 
trainee,  its  supervisor  and  subordinates  before  the  training 
session  and  four  weeks  after  the  session.  Copies  of  the 
questionnaire  are  also  completed  by  untrained  personnel  and 
their  supervisors  and  subordinates  in  order  to  have  a 
control  population.  Questions  in  the  questionnaire  are 
behavior  based  such  as  the  following 


To  what  extent  do  you  think  training: 

Will  Improve  your  ability  to  be  a better  supervisor? 
Will  increase  productivity? 

Ie  a good  use  oE  your  time? 

Improve  your  communication  skills  on  the  job? 


GREATLY  NOT  AT  ALL 

987654321 
987654321 
987654321 
987654321 


Results  are  statistically  tabulated.  The  results  are  then 


compiled  and  reported  to  the  specific  organizations.  The 


questionnaires  are  behavior  based  and  completely 
confidential.  The  tabulation  stage  tests  the  statistical 


significance  of  questions,  trainee,  supervisor  and 
subordinate  perceptions  and  comparison  of  trained  results 
versus  the  control's  results.  Advantages  of  this  program 
include  accurate  results  due  to  use  of  a control  group  and 
small  amounts  of  time  and  resources  needed.  The  only 
significant  disadvantage  is  the  possibility  of  low  return 
rate  of  questionnaires  [Salinger  & Roberts,  1984] . 
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National  Aeronautics  A Space  Administration:  The 

evaluation  program  described  below  was  for  a career  semrnar 
sponsored  by  NASA  Headquarters . The  evaluation  was  dxrectly 
buiU  into  the  training  program.  The  evaluation  consrsted  of 
both  pre  and  post  training  questionnaires,  group  rntervrews 
and  individual  interviews.  The  questionnaires  contarned 
general,  open-ended  questions  dealing  with  current  and 
future  iob  goals.  A sample  question  on  a survey  might  be: 

. „ r_  achieve  your  goals  in  the  past  30  days? 

7 What  have  you  done  to  achle  y 

In  the  group  interviews,  the  trainees  spoKe  about  therr  own 
job  plans  and  how  they  were  using  what  they  learned. 

Trainees  could  hold  optional  individual  interviews  wrth  the 
instructor  concerning  their  own  progress.  There  were  also 
informal  evaluations  during  the  course.  The  instructor  was 
the  only  evaluator  involved  and  there  was  no  magor 
computation  of  data  in  the  evaluatron.  The  instructor  had  to 
be  available  after  the  training  session  for  many  months  m 
order  to  do  the  personal  interviews.  Advantages  of  the 
evaluation  program  included  adaptability.  Pisadvantages 
include  the  fact  that  it  is  not  very  structured,  forms  need 
to  be  customized  for  different  courses,  constant  need  for 

the  instructor,  no  organizational  input  and  most  of  worh  has 

. difficult  to  assemble  [Salinger 
to  be  in  groups  which  may  be  difficult 

& Roberts,  1984]  . 

f t-h*»  Naw-  Navy  Finance  Center:  The  Navy 
Department  of  the  Navy  wavy 

, 4ts  interaction  Management 

Finance  Center  evaluated  one  of  its 
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Courses  through  a system  of  questionnaires  done  in  a group 
setting.  The  questionnaires  were  completely  behavior  based 
with  questions  such  as: 

When  my  supervisor  speaks  to  me  regarding  disciplinary  action,  he/she  . . . 

Always  Never 

Uses  my  ideas  when  I offer  them.  654321 

Acknowledges  my  feelings  about  the  situation.  654321 

The  questionnaires  were  completed  by  employees,  their 
managers  and  subordinates  that  did  and  did  not  take  the 
course.  The  evaluation  was  done  before  the  training  and  two 
years  after.  The  results  were  then  computer  tabulated  to 
create  statistical  averages  of  how  the  training  works 
through  the  perceptions  of  the  employees,  their  managers  and 
subordinates.  Reports  were  then  created  from  that  data. 
Advantages  of  this  evaluation  method  includes  involvement  of 
all  members  of  an  organization,  use  of  a control  (the 
untrained  sample)  to  ensure  accuracy  of  results  and  high 
return  rate  because  of  the  group  approach  to  completing  the 
questionnaire.  Disadvantages  include  a management  commitment 
and  travel  expenses  if  the  respondents  are  not  in  a common 
geographical  area  [Salinger  & Roberts,  1984) . 

Office  of  Personnel  Management:  The  OPM  devised  a 
generic  training  evaluation  program  called  the  Participant 
Action  Plan  Approach  (PAPA).  The  evaluation  system  asked 
each  participant  to  identify  certain  behaviors  or  actions 
related  to  the  course  that  he/she  would  like  to  change.  Here 
the  evaluator  would  either  interview  the  trainee  (by  phone 
or  in  person)  or  use  questionnaires  (six  months  after  the 
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training)  to  determine  whether  the  actions  were  carried 
out.  The  evaluation  also  checked  for  results  of  tried  action 
plans  and  why  untried  action  plans  were  not  attempted.  The 
questionnaire  also  asked  how  the  course  could  be  changed  to 
better  teach  the  trainee.  Problems  and  obstacles  that 
deterred  the  trainee  from  carrying  out  the  plan  were  also 
identified.  The  result  were  computer  tabulated.  Results  were 
used  to  create  reports  and  eventually  modify  the  course.  The 
program  provides  data  primarily  concerning  behavioral 
changes  brought  about  by  the  course.  Advantages  of  this 
program  include  ability  to  be  used  for  many  courses  and  it 
can  accurately  describe  what  actions  came  from  the  training. 
Disadvantages  include  the  need  of  self-reports  and  skilled 
interviewers,  large  amount  of  time  needed  and  it  does  not 
involve  supervisors  and  subordinates  in  the  evaluation 
process  [Salinger  & Roberts,  1984]. 
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Abstract 


KATE  is  a model-based  software  system  ev  P detection,  and  control 

Laboratory  at  the  Kennedy  Space  Center  or  rn  ' to  bring  KATE  to  the  level 

of  launch  vehicles  and  ground  support  sys  em  f firing  room  applications, 

an  X-windows  interface. 

ms  report  describes  two  programs  winch  ha^n  £ 

collection  of  tools  which > h Capability  to  view  digitized  schematic 

schematic  viewer,  gives  the  KAlb  use  F tooi  called  the  model  editor,  gives 

Staining  or  extending  either  the  schematic 

viewer  or  the  model  editor* 
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Summary 


The  Knowledge-based  Autonomous  Test  Engineer  (KATE)  system  is  a model- 
based  software  system  which  has  been  developed  in  the  Artificial  Intelligence 
Laboratory  at  the  Kennedy  Space  Center  over  the  last  decade.  It  is  designed  for 
monitoring,  fault  detection,  and  control  of  launch  vehicles  and  ground  support  systems. 
In  order  to  bring  KATE  to  the  level  of  performance,  functionality,  and  integratability 
needed  for  firing  room  applications,  efforts  are  currently  under  way  to  implement 
KATE  in  the  C++  programming  language  using  an  X-windows  interface.  The  version 
of  KATE  currently  under  development  is  called  KATE-C;  however,  we  will  omit  this 
distinction  and  refer  to  KATE  generically. 

This  report  commences  with  a brief  introduction  to  the  fundamental  principles 
behind  the  operation  of  KATE.  Emphasis  is  placed  on  the  structure  and  importance 
of  KATE'S  knowledge-base.  We  then  describe  two  programs  which  have  been 
designed  and  added  to  the  collection  of  tools  comprising  what  is  called  the  KATE 
toolbox.  The  first  tool,  called  the  schematic  viewer,  gives  the  KATE  user  the  capability 
to  view  digitized  schematic  drawings  in  the  KATE  environment.  This  tool  was 
designed  to  illustrate  the  potential  for  integrating  real-life  schematics  into  the  operation 
of  KATE.  The  second  tool,  called  the  model  editor,  gives  the  KATE  model  builder  a 
tool  for  creating  and  editing  knowledge  base  files.  Without  such  a tool  the  KATE 
model  builder  has  to  create  and  edit  knowledge  bases  outside  of  the  KATE 
environment  using  a traditional  text  editor.  The  body  of  this  report  discusses  design 
and  implementation  issues  having  to  do  with  these  two  software  tools  which  have  been 
designed  and  prototyped  this  summer.  It  will  be  useful  to  anyone  maintaining  or 
extending  either  the  schematic  viewer  or  the  model  editor. 
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AN 


introduction  to  model-based  reasoning 


1 1 BASIC  PRINCIPLES 

The  premise  of  mode, -based  — cKd^ml^^ 

model  of  a physical  system  1S  c°^ erconnections.  The  physical  system,  which  must 
components  of  the  system  an  ODeration  As  the  physical  system  operates,  sensor 

have  numerous  sensors,  is  put  P®  values  frGm  the  simulation  model.  As  long 
readings  are  compared  to  their  Prec*  predicted  values  and  actual  sensor 

Ss"  model-based  reading  is  simply  Known  as 

monitoring. 

If  model-based  reasoning  systems  we^only ;0“mg  ^temrsuch^KSCs  Knowledge- 
limited  utility.  Fortunately,  modcl;b“^fh5“ve  fth' r powerful  capabilities.  Among 
based  Autonomous  Test  Engtnee  (KATE)  haveotb^  P ^ djscrepancy  has  been 

the  most  interesting  is  failure  S*V  tdizes  its  internal  representation  of  the 

identified  in  the monitoring! stage  1 KA  ^ which  could  have  led  to  the  conflict 

physical  system  in  an  effort  to  id  y , A significant  difference  between 

between  predicted  values  an 1 “ ocess  control  techniques  is  KATE’S  ability  to 

this  reasoning  process  and  lrad  " P - Drocess  A high-level  overview  of  the 

Z2&ZZSI  ~d  in  Hgure  M. 

In  addition  to  their  uscful 

it  should  be  possible  to  descn^Far^S'r^ds  can  ^ issued^o  achieve  that  state.  If  the 
reasoning  system  determine  w * and  comp0nents,  as  is  frequently  the  case  in 

physical  system  has  redundant  pat  Y determine  how  to  continue  operation 

NASA  systems,  the  model-based  sys  components  have  failed.  It  is  also 

of  the  physical  system  after  some  comp  construct  an  explanation  of  the 

ide ntif y a™ Fab ed^omipone n t orVachieve  a specific  obiective. 

In  addition  to  their  “^^^^^sfudem'can^ Seate  failme  scenarios  in  the 
potential  as  training  tools.  An  ^shyct  respond  to  almost  any  failure  in 

r^rhTX"*::  “al  use  for  reasoning  systems  is  to 
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determine  the  adequacy  of  the  sensors  in  a complex  system  before  it  is  built.  For  a 
more  in-depth  introduction  to  model-based  reasoning  see  [1]. 


Figure  1-1.  Overview  of  Model-based  Reasoning 


1.2  KNOWLEDGE-BASES 

In  order  for  a model-based  reasoning  system  to  function,  it  must  have  information 
about  the  structure  and  operation  of  the  physical  system  to  be  modeled.  We  ca^  suci 
information  about  the  real  world  the  system's  knowledge-base.  As  characterized  in  12J 

for  the  KATE  system: 

The  KATE  knowledge  base  contains  vital  information  about  the  physical 
system  that  KATE  is  controlling  or  monitoring.  This  information  is  the  raw 
material  used  by  KATE  to  construct  a simulation  model  that  mimics  the 
system's  structure  and  function.  Objects  in  the  model  have  a one-to-one 
correspondence  with  parameters,  commands,  sensors,  and  other  components 
in  the  physical  system.  The  knowledge-base  is  referenced  by  KATE  in  the 
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same  way  that  schematic  diagrams  and  operating  specifications  are  used  by 
system  engineers. 

1 2 1 THE  KATE  KNOWLEDGE-BASE.  In  order  to  lay  the  groundwork  for  topics 
discussed  later  in  this  report,  we  elaborate  upon  the  organization  of  KAT 
knowledge-base— a three-level  hierarchical  structure.  Such  hierarchical  structures  are 
typical  of  the  organization  of  knowledge-bases  used  for  model-based  reasoning 

systems. 

1211  Hieh  Wei  system  knowledge.  The  so-called  "top-level”  of  KATE'S  ^owledge 
base  represents  information  about  very  broad  classes  of  system  components.  For  the 
systems  with  which  KATE  is  currently  used,  these  classes  are  comma  , 
measurements,  components,  pseudo  objects,  display  function  designators  and  s°  “'  ^ 
wnchronization  objects.  For  operational  efficiency,  genenc  knowledge  about  the 
structure  and  function  of  these  high  level  classes  of hardcoded I mto  l e 
inmlementation  of  KATE.  This  means  that  changes  to  KATE  s top  leveiKnowieuge 
system  component  classes  requires  possible  extensive  modifications  to  the  source  code. 
Fortunately,  such  changes  occur  infrequently. 

1212  Middle  level  system  knowledge.  The  so-called  "mid-level"  of  KATE'S 
knowledge-base  represents  information  a tout  specific  types  of  system  component.  Fo 
example8this  class  contains  knowledge  about  components  such  as  PU™PS' re'a^' 
and  tanks  in  addition  to  pseudo  objects  such  as  pressures  and  admittances. 
E^rmiddl  level  L an  example  of  some  top-level  class  described  above  and  inhertts 
^rtin  oroperfe  from  the  top-level  class.  Again,  for  efficiency  reasons  the  mid-level 
S KiTrSwledge-base  is  represented  in  C++  header  and  source  code  files  which 

has  a regular,  predictable,  organization  and  syntax  which  makes  it  easy  to  add  o. 

nn  T nw  ipvei  qvdtem  knowledge.  The  lowest  level  of  KATE's  knowledge-base 
is  stored  in  what  are  deferred  to  as  "Miles".  This  is  the  information  about  the  actual 

physical  components  in  a system  being  modeled  “j^ifatetrlrt  dais  which 

instance  of  some  mid-level  class  and  inherits  properties  from  that  abstract  class,  wnic 

inherits  knowledge  from  its  parent  class. 

The  flatfiles  representing  low-levelknowledge 

defined  keyword-based  syntax.  They  are  read  by  KATE  at  run  time  in  o 
construct  an  internal  representation  of  the  physical  system  o e m 
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II 


THE  SOFTWARE  ENVIRONMENT 

2.1  PROGRAMMING  LANGUAGE  AND  GRAPHICS  INTERFACE 

Several  implementations  of  the  general  principles  underlying  KATE  have  been  carried 
out  over  the  past  decade  under  various  titles,  for  example,  the  LOX  [3]  and  ECS[2] 
systems.  These  systems  were  originally  developed  in  LISP— the  traditional  language  for 
rapid  prototyping  of  AI  systems— as  a proof  of  concept. 

In  order  to  bring  KATE  to  the  level  of  performance  and  functionality  needed  for  Firing 
room  applications,  current  efforts  focus  on  simultaneously  porting  KATE  to  the  C++ 
programming  language  while  advancing  its  capabilities.  C++  is  an  object-oriented 
language  developed  at  Bell  Laboratories.  It  is  a derivative  of  the  C programming 
language  with  features  which  encourage  the  writing  of  modular,  reusable  code.  The 
work  described  in  this  report  required  the  investigator  to  achieve  proficiency  in  the 
C++  programming  language. 

For  a software  system  as  complex  as  KATE  to  be  accepted  and  used  by  firing  room 
personnel  it  must  have  an  excellent  user  interface.  At  the  same  time,  the  KATE 
environment  must  be  accessible  from  several  different  hardware  platforms.  In  order 
to  achieve  both  of  these  goals,  the  user  interface  for  all  KATE  modules  currently  under 
development  must  adhere  to  the  Motif/ X-Windows  graphics  user  interface  standards. 
As  with  C++,  it  was  necessary  for  the  investigator  to  develop  proficiency  with  these 
tools  in  order  to  carry  out  the  work  described  herein. 

2.2  FRAME  UTILITIES 

In  an  effort  to  standardize  the  user  interface  of  KATE,  user  interface  components  are 
implemented  as  so-called  "frame  utilities".  A frame  utility  interacts  with  the  main  body 
of  KATE  in  a specific  way  and  inherits  graphic  and  functional  properties  from  the 
KATE  user  interface  environment.  Working  with  frame  utilities  provides  conveniences 
for  the  implementor  but,  at  the  same  time,  places  constraints  on  the  appearance  and 
operation  of  the  code  being  developed. 
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Ill 


THE  SCHEMATIC  VIEWER  FRAME  UTILITY 


3.1  REQUIREMENTS 

The  first  KATE  utility  developed  this  summer  is  known  as  the  Schematic  Viewer  Frame 
Utility  (SVFU).  The  goal  was  to  add  to  the  set  of  tools  available  in  the  KATE 
environment  a way  for  the  KATE  user  to  view  schematic  drawings.  Specific 
requirements  for  this  program  were: 

o The  SVFU  must  operate  as  a frame  utility. 

o The  SVFU  should  allow  a KATE  user  to  view  digitized  schematic  drawings 
within  the  KATE  environment. 

o The  SVFU  should  allow  a KATE  user  to  view  system  overview  drawings 
created  using  a "painting”  program. 

o The  SVFU  should  be  useful  for  demonstrating  the  potential  for  accessing 
digitized  information  within  the  KATE  environment. 

o The  SVFU  should  be  designed  and  implemented  in  such  a way  that  KA 
model  and  hardware  values  can  be  superimposed  on  the  drawings  w 1 e 
KATE  is  executing. 


3.2  ACHIEVEMENTS 

A frame  utility  was  developed  which  met  the  requirements  listed  above  Figure  2-1 
shows  the  appearance  of  the  SVFU  within  the  KATE  user  interface.  In  this  example 
a schematic  drawing  was  digitized  and  loaded  into  the  SVFU  Any ^imager file : in  erther 
the  X-windows  bitmap  (.xbm)  or  X-windows  pixmap  (.xpm)  format  can  be  loaded  a 
viewed.  Using  the  Portable  Pixmap  library  from  MIT,  almost  every  graphics  and 
image  file  format  can  be  converted  to  a bitmap  or  pixmap  which  can  then  be  viewed 
in  KATE  The  SVFU  allows  the  user  to  load  multiple  image  files  and  to  then  switch 

among  them  quickly  and  easily.  The  utility  has  been  demonstrated  to  potential  KATE 

users  and  has  been  well  received.  There  has  been  discussion  of  the 

having  digitized  schematic  drawings  stored  on  compact  disc  for  loading  into  the  SVFU. 


3.3  ENHANCEMENTS 

Work  has  begun  on  superimposing  KATE  values  on  top  of  drawings  in  the  SVFU. 
This  should  be  a very  useful  tool  for  console  operators  using  KATE. 
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Figure  3-1.  The  Schematic  Viewer  within  the  Kate  User  Interface 

Loading  large  files  into  the  SVFU  is  time  consuming.  The  files  loaded  into  the  SVFU 
need  to  be  in  a compressed  format  This  would  greatly  reduce  the  storage  space 
required  for  storing  large  collections  of  digitized  schematics  and  would  improve  the 
time  to  load  a schematic  into  the  system.  This  modification  will  squire  the  SVFU  to 
read  image  files  stored  in  at  least  one  widely  used  compression  format.  The  ability 
read  various  image  file  formats,  compressed  and  uncompressed,  would  be  ideal. 

The  initial  version  of  the  SVFU  does  not  support  the  quick-loading  feature  expected  of 
a frame  utility.  Several  menu  buttons  for  such  things  as  "Help  options  are  no 
functional.  The  program  has  not  been  thoroughly  checked  for  potential  memory  leaks. 
These  are  all  issues  which  can  be  resolved  quickly. 
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IV 


THE  MODEL  EDITOR 


o 


o 


41  MOTIVATION 

„ at.,  *** 

„ ?S"'< SS"  » «* •»”*•""«' " 1 ****“ 

«2SLt!:^a«-'=siS== 

measurements  in  the  physical  system^  ntg  in  the  fiatfile. 

O lPdf  represent  logical  functions  of  groups  of 

components  in  the  system. 

, -cf  tVip  KATE  model  builder.  All  work  is  done  using 

There  are  currently  no  tools  to  assi  model  builder  to  view  the  model  under 

a text  editor  and  there  is  no  w y files  investigator  undertook  to  design 

construction  except  as  a coHech  oriented  tools  to  assist  in  the  process  of 

and  implement  sophisticated,  graphically  orieme 

constructing  KATE  knowledge-bases. 

4.2  DESIGN 

With  the  benefit  of  preliminary Resign  document  and 

an  initial  design  for  a knowl^8^afDri„‘L^  feature  is  that  of  two  distinct  editing 
design  is  illustrated  in  Figure  - P mo(jei  and  another  for  the  middle  leve 
environments,  one  for  the  flatffle 1 ’ of  an  editing  environment 

components.  Henceforth  we  shall  ref  th  ^ ^ flatfile  editor  (FFE) 

which  have  to  do  with  editing  the t fla  f 1 ' mid(J]e  level  components  as  the 

and  to  those  portions  which  pertain  to  ed  ^ ^ description  0f  the  middle 

middle  level  editor  (^LE)'  In  a file  containing  enough  information  about  each 
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Figure  4-1.  Preliminary  Design  for  a Model  Editing  Environment 

Upon  further  study  it  was  decided  that  it  might  be  possible  to  eliminate  the  additional 
file  of  meta-level  descriptions  of  the  middle  level  components  by  gleaning  the  required 
information  directly  from  the  mid-level  header  (hpp)  files.  This  revised  design, 
illustrated  in  Figure  4-2,  was  pursued  for  the  remainder  of  the  project. 


4.3  REQUIREMENTS 


4.3.1  THE  FLATFILE  EDITOR, 
with  an  overall  design  plan  in 
model  editor  were  developed. 


With  the  assistance  of  existing  design  documents  and 
hand,  specific  requirements  for  the  FFE  portion  of  the 
They  are: 


o The  flatfile  editor  should  be  a frame  utility.  In  the  short  term  this 
requirement  is  not  critical.  However,  there  are  two  compelling  reasons  for 
having  the  flatfile  editor  tightly  integrated  into  the  KATE  user  interface. 
First,  the  simulation  capability  of  KATE  could  be  used  to  assist  m the 
verification  of  a model  while  still  under  development.  This  could  greatly 
enhance  the  ability  of  the  model  builder  to  create  a thorough,  accurate  model 
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Figure  4-2.  Revised  Design  for  the  Model  Editor 

77fi"d^  and  correctly  to  changes  in  the 

middle  .eve,  of  the  knowledge  base.  ‘file 

Md-leve" hppUnd  the  flatfile  editor  should  be  the  only  connection  needed 
between^nowledge  about  the  middle  level  of  a knowledge  base  and  the 

Tbfflaetffle°reditor  should  be  easy  to  modify  when  the  top  level  of  the 
knowledge  base  changes.  Although  any  good  software  should  be  easy 
modify  we  are  making  a slightly  more  specific  requirement  here. 

4.3.2  THE  MIDDLE  LEVEL -EDITOR. .The  only  s^dfk 

level  editor  is  that  it  should  edit  riven  the  software  organization  of 

composing  the  middle  level  of  a ktno”7!7rtoteTtiXl7integrated  part  of  the 
KATE  in  C++  it  is  not  necessary  for  this  editor  to  be  a tigntiy  integral  r 


o 
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KATE  environment.  Any  change  to  the  middle  level  of  the  knowledge  base  requires 
the  entire  KATE  system  to  be  recompiled  and  linked.  At  this  time  no  further  work  has 
been  done  on  this  portion  of  the  editing  environment.  The  remainder  of  this  report 
deals  exclusively  with  the  flatfile  editor. 

4.4  IMPLEMENTATION  OF  THE  FLATFILE  EDITOR 

A significant  portion  of  the  flatfile  editor  has  been  implemented.  The  following 
discussion  will  describe  the  major  components  of  that  program  at  a level  which  would 
be  useful  to  someone  endeavoring  to  continue  development  of  this  software. 

4 4.1  OVERVIEW.  At  the  highest  level,  the  FFE  works  as  a frame  utility.  The 
principal  C++  class  used  is  called  the  FFEFrameUtilityClass.  Instances  of  this  class 
manage  three  principal  subdivisions  of  the  screen  along  with  a list  of  structures  related 
to  the  individual  files  loaded  into  the  editor  at  any  point  in  time. 

The  FFE's  portion  of  the  screen  is  subdivided  into  a menu  bar,  a list  area  and  a 
drawing  area.  The  menu  bar  is  used  to  select  editing  commands  and  options  for  the 
editor.  The  list  area  is  used  to  list  the  names  of  the  objects  in  the  flatfile  currently 
being  edited.  Several  options  have  been  proposed  for  restricting  and  organizing  the 
content  of  this  list  window.  The  drawing  area  can  currently  only  be  used  to  display 
a tree-like  representation  of  the  flatfile  being  edited.  This  drawing  area  conceivably 
could  be  used  to  display  an  icon-based  representation  of  the  flatfile  being  edited. 

The  FFEFrameUtilityClass  also  maintains  a list  called  the  FlatFileList.  Each  item  on  this 
list  is  itself  an  instance  of  a C++  class  containing  information  specific  to  a single  flatfile. 
Along  with  obvious  entries  such  as  the  name  of  the  flatfile,  each  instance  contains 
several  entries  including  a list  of  the  objects  in  the  flatfile  and  a flag  indicating  whether 
or  not  any  editing  changes  have  been  made  since  the  file  was  saved  to  disk. 

Two  other  important  classes  of  objects  are  the  TopLevelClass  and  the  MidLevelClass 
objects.  The  TopLevelClass  represents  useful  information  about  the  editing  of  top-level 
KATE  classes.  The  MidLevelClass  represents  similar  information  for  each  mid-level 
component  class.  For  example,  the  MidLevelClass  instance  for  a Pump  would  contain, 
among  many  other  items,  the  names  of  the  input  values  expected  for  a Pump.  The 
information  for  the  MidLevelClass  is  gathered  almost  exclusively  at  run  time  by 
scanning  through  a mid-level  header  file.  Interestingly  enough,  the  C code  to  carry  out 
this  scanning  is  generated  by  the  UNIX  tool  lex.  If  the  syntax  of  the  middle  level 
KATE  classes  changes,  the  code  which  scans  the  mid-level  header  file  can  be  modified 
by  making  simple  changes  to  the  lex  file  describing  the  structure  of  header  files. 

4.4.2  OPERATION.  When  the  FFE  is  loaded,  a pane  is  obtained  within  the  KATE 
runtime  user  interface.  At  this  point  the  user  has  two  choices-load  an  existing  flatfile 


for  editing  or  create  a new  flatfile  from  scratch.  If  the  user  chooses  to  load  an  existing 
file  the  file  is  read  into  a KATE  knowledge-base  structure  and  this  structure  is  then 
used  to  create  a list  of  the  flatfile  objects  for  editing.  A list  of  the  flatfile  < contents  is 
shown  in  the  list  area  and  a tree  diagram  is  automatically  generated^  The  us« ^can 
subsequently  either  select  items  for  editing  or  add  additional  items  to  the  flatfile  under 
consideration.  Whenever  the  user  clicks  on  an  item  in  either  the  list  window  or  he 
tree  window,  an  edit  template  is  generated  containing  known  information  about  the 
component.  The  user  can  then  modify  the  item  by  typing  in  the  template.  Similarly, 
if  the  user  wants  to  add  items  to  a flatfile,  he  obtains  a list  of  top-level  classes  and  from 
a class  obtains  a list  of  all  the  known  mid-level  components  for  that  class.  ^lecting 
one  of  these  mid-level  classes  results  in  a blank  template  for  the  user  to  edit.  In  both 
editing  situations,  the  editing  templates  popped  up  are  constructed 
correspond  to  the  specific  class  of  object  being  edited.  The  information  to  do 
derived  from  the  TopLevelClass  and  MidLevelClass  mentioned  previously. 


Figure  4-3.  The  ECLSS  Flatfile  in  the  Flatfile  Editor 
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At  any  time  during  the  editing  process  the  user  can  elect  to  save  the  edited  file,  switch 
to  editing  a different  file,  or  use  other  KATE  utilities  such  as  the  Schematic  Viewer 
Frame  Utility.  Figure  4-3  illustrates  an  editing  session.  The  names  of  the  objects  in  the 
flatfile  are  listed  on  the  left  and  a tree  drawing  is  on  the  right.  The  menu  bar  can  be 
seen  just  above  these  areas. 


4.4.3  STATUS.  Much  of  the  development  effort  this  summer  has  been  directed  toward 
constructing  a well-conceived  foundation  upon  which  the  flatfile  editor  can  be 
implemented.  The  major  functions  of  the  editor  have  been  completed  but  many  details 
remain.  The  automatic  tree  drawing  capability  of  the  FFE  is  in  its  infancy.  There  are 
probably  a number  of  special  cases  in  which  the  popup  editing  templates  do  not  have 
exactly  the  correct  editing  fields  displayed.  It  was  not  possible  to  incorporate  the 
newly  defined  Synchronization  Objects  added  to  KATE  this  Summer.  Also,  the  class 
of  so-called  TimeDependentObjects  has  not  been  dealt  with.  The  Verify  option  on  the 
menu  bar  is  not  implemented. 
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REVIEW  AND  RECOMMENDATIONS 


5.1  CONCERNS 

For  the  most  part  the  design  illustrated  in  Figure  4-2  has  proven  to  be  a satisfactory 
approach1  to^he  implement, ion  of  the  FFE.  We  believe  this  org^hon  mil  prov 
the  easiest  and  most  flexible  editing  organization  to  maintain  as  KATC  evolv^ 
are  however  some  significant  problems  which  should  be  addressed  if  the 
have  long-term  viability. 

First  of  all  the  scanning  of  the  middle  level  header  file  (mid-level.hpp)  is  done  m a 
very  ad  hoc  manner.  The  structure  of  several  header  files  was  examined  and  cer  am 
rules  of  thumb  about  their  structure  were  adequate  to  implement  a scanner  using  lex. 
However  there  is  no  reason  that  a model  builder  constructing  a middle  level  header 
file  wou  d necessarily  stick  with  the  same  format.  Any  significant  change  to  the 
structure  o/the  middle  level  header  files  will  necessitate  updates  to  the  /^  grammar 
file  For  long-term  viability  of  the  FFE  an  actual  grammar  should  be  constructed  for 
h ' headeriles  and  a genuine  parser  shou.d  be  «ed.™e  - 

knowledge  base  is  also  being  broken  up  into  multiple  files,  nus  will  require  some 
immediate  minor  restructuring  of  the  FFE  to  accomodate  this  cha  g . 

The  second  major  concern  is  that  the  current  prototype  FFE  does  not  d°  ^ good  job 
with  knowledge  base  constructs  outside  of  its  range  of  knowledge,  or  P ' 
na  f.r»nSng  Synchronization  objects  is  read  into  the  FFE  and  then  written  back 

to  disk,  those  Synchronization  objects 

anflatf.le  which  is  read,  P-essed.  and 

written  back  nr  disk.  Currently  we  do  no.  envision  a simple 
since  the  FFE  actually  works  solely  with  an  internal  representat 
does  not  retain  any  other  type  of  "image"  of  the  file  being  edited. 

5.2  OTHER  REMARKS 

A significant  amount  of  work  has  been  compieted  ^ FpE^ntSe"  vTw 
implementation  of  a knowledge-base  editing  environmen  . complete  be  of 

significant  tenefifmKATC  m^el  builders.  Except  for  the  concerns  mentioned  above, 
vle  exSc!  development  to  continue  along  the  lines  in  which  is  currently  headed. 
Much  of  the  remaining  work  should  be  in  the  nature  of  flushing  out  and  completing 
modules  already  partially  developed.  With  the  exception  of  the  icon  drawing 
components,  the  FFE  infrastructure  is  complete. 
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ABSTRACT 


Winds  in  excess  of  74.5  knots  could  cause  severe  damage  to  a space 
shuttle  on  the  launch  pad.  Current  plans  exist  for  rollback  to  the  Vehicle 
Assembly  Building,  but  require  48  hour  leadtime  to  implement. 
Decisions  based  upon  cost/loss  are  evaluated  to  ascertain  whether 
predetermined  forecast  probabilities  for  rollback/rideout  decisions  can 
be  made  far  in  advance  of  hurricane  season  for  use  in  decision  making. 
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SUMMARY 


KSC  lies  in  the  hurricane  belt,  and  there  exists  the  possibility  that  a 
hurricane  with  winds  of  at  least  74.5  knots  might  strike  the  Center. 
Should  a Space  Shuttle  be  on  the  launch  pad  during  winds  of  this 
nature,  severe  damage  up  to  and  including  the  loss  of  the  vehicle  could 
occur  Therefore,  in  the  event  that  winds  associated  with  a hurricane 
are  forecast  to  be  in  excess  of  74.5  knots,  procedures  are  in  place  to  roll 
the  mobile  launch  platform  with  the  shuttle  on  top  back  to  the  relative 
safety  of  the  Vehicle  Assembly  Building. 

This  plan  requires  48  notification  in  the  advance  of  the  onset  of  the 
winds,  with  the  last  eight  of  those  hours  being  devoted  to  the  actual 
movement  of  the  shuttle  from  the  pad  to  the  VAB. 


Managers  make  the  rollback/rideout  decision  based  upon  National 
Hurricane  Center  forecasts,  which  give  numerical  percentages  of  strike. 
At  present  there  is  no  predetermined  probability  value  which  triggers 
the  rollback  decision,  and  at  present  the  decision  is  extremely 
subjective. 


With  a Bayesian  analysis  of  sequential  events  and  their 
modification  to  current  probabilities,  along  with  a cost  versus  loss 
study  an  objective  value  from  which  to  base  a decision  might  be 
reached.  In  addition,  examination  of  past  information  concerning 
similar  hurricane  paths  might  be  useful  in  fine  tuning  the 
probability  forecasts 
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SECTION  I INTRODUCTION 


1.1  BACKGROUND  AND  PROBLEM  IDENTIFICATION 

The  Kennedy  Space  Center,  located  on  the  east  coast  of  the  Florida 
peninsula  has  been  subjected  to  64  tropical  storms  in  years  1886 
through  1992.  Of  these,  26  were  of  hurricane  strength.  Because  winds  in 
excess  of  74  knots  would  cause  extreme  damage  to  a shuttle  on  the 
launch  pad,  protective  measures  in  the  form  of  rolling  the  shuttle  back 
to  the  Vehicle  Assembly  Building  are  planned  in  the  event  of  such 
winds.  That  rollback  decision  has  to  be  made  by  shuttle  managers  in 
sufficient  time  to  allow  the  actual  rollback,  and  the  current  timeline 
(appendix  1)  requires  that  decision  be  made  48  hours  prior  to  the  onset 
of  damaging  winds. 

The  primary  responsibility  of  hurricane  forecasting  lies  with  the 
National  Hurricane  Center  (NHC)  who  distributes  forecasts  via  alerts, 
watches  and  warnings  to  the  various  meteorological  stations  around  the 
country.  Weather  support  to  the  Kennedy  Space  Center  is  provided 
directly  by  personnel  at  the  Cape  Canaveral  Air  Force  Station  Forecast 
Facility.  These  meteorologists  provide  the  manager  with  not  only 
forecasts,  but  rationale,  track  error  analysis^  and  model  confidence. 

While  hurricane  forecasting  has  become  quite  sophisticated  in  recent 
years,  there  are  still  sufficient  forecast  positioning  errors  to  preclude  a 
cut  and  dried  decision  to  rollback  or  to  ride  out.  For  example,  a recent 
National  Hurricane  Center  study  shows  RMS  position  errors  to  be  about 
170  nautical  miles  at  the  24  hour  point.  As  the  radius  of  maximum 
winds  in  a 95  knot  hurricane  is  less  than  25  nautical  miles,  a storm  of 
that  nature  moving  inland  at  70  miles  to  the  north  or  south  of  the 
center  would  produce  winds  well  below  the  maximum  allowable.  Thus, 
even  though  the  forecast  might  place  the  storm  directly  atop  KSC  in  24 
hours,  managers  cannot  use  that  forecast  as  the  sole  source  for  decision 
making. 

Because  rolling  the  shuttle  back  to  the  Vehicle  Assembly  Building  is 
such  a costly  event,  both  in  terms  of  launch  delays,  shuttle  processing 
schedules,  and  redundant  operations,  the  rollback  option  is  taken  only 
after  much  deliberation.  And,  because  hurricane  strikes  at  the  cape  are 
relatively  rare  occurrences,  managers  have  not  been  able  to  create  any 
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kind  of  track  record  of  past  decisions  and  the  criterion  upon  vvhich 

those  decisions  were  based.  Managers  rely  on  advice  pr°v*^ 
weather  support  personnel  which  in  turn  is  largely  based  on  Hurricane 

based  strictly  upon  the  strike  probability. 

1.2  PREVIOUS  STUDIES 

Investigation  into  the  work  done  in  the  area  was  conducted  during  the 

ssss^ssjs  that 

~n  tided  .The  National 
Hurricane  Center  Risk  Analysis  Program  (HURISK)  . 
httrkk  ic  a comouter  program  developed  to  find  statistical  data 

” SvS  2SS  SfiS  >■'<«••  tfc  p Mbm, 

<(  „U  for n consecutive  years  without  having  a storm  of  a specified 
«^~^ment  for  detaUed  explanation. 

In  addition,  computerized  tropical  storm  track  data  were  obtained 
which  contained  W0™’31'®"  ^CvcCmoI  theNorth  Atlantic 
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MAXIMUM  SUSTAINED^  IND  (1 -Minute  Average) 


PROBABILITY  OF  AT  LEAST  X TROPICAL  CYCLONES  ( £64  KNOTS)  PASSING 
WITHIN  75  N.MI.  OF  SPECIFIED  SITE  OVER  N CONSECUTIVE  YEARS 


4 


s30N3yynooo  on  30  (%)  Aimavaoyd 


s3DN3yynooo  x isv3i  iv  jo  (%)  Ainiavaoyd 

495 


NUMBER  OF  CONSECUTIVE  YEARS  (N)  CHART2 


5 


manner  as  rudimentary  programs  were  produced  to  select  specific 
storm  data.  It  was  concluded  that  these  data  should  be  more  closely 
examined  in  a graphical  format,  and  that  by  selecting  storms  similar  in 
nature  to  the  ongoing  storm,  it  might  be  possible  to  detect  trends  from 
statistical  fields  generated  from  those  similar  storms. 

1.3  NEW  TOOLS  FOR  THE  DECISION  MAKER 

One  approach  to  giving  the  decision  maker  a go/ no-go  kind  of  decision 
is  by  using  a cost  versus  loss  analysis.  Typically,  this  kind  of  analysis  is 
used  by  managers  in  determining  whether  to  initiate  some  kind  of 
protection  scheme  strictly  from  a monetary  point  of  view.  This  method 
determines  the  most  cost  effective  course  of  action  based  solely  on  the 
dollars  involved,  and  ignores  the  cost  of  public  opinion,  loss  of 
capability,  and  the  downstream  effects  of  the  loss  itself.  Additionally,  by 
applying  a Bayesian  analysis  to  the  probability  of  having  a damaging 
hurricane  throughout  the  season,  new  thresholds  can  be  developed 
which  yield  probabilities  for  using  the  cost  versus  loss  decision  making 
process. 

In  the  event  that  protection  methods  are  initiated,  costs  can  be 
considered  to  be  delays  in  the  shuttle  flow  process.  In  fact,  these  delays 
are  not  simply  the  time  it  takes  to  enact  some  protection  to  the  shuttle, 
but  must  include  the  time  that  it  takes  to  bring  the  shuttle  to  the  same 
place  in  the  processing  timeline  that  it  was  in  prior  to  initiating  that 
protection.  The  very  nature  of  the  differences  in  payload  requirements 
themselves  makes  it  difficult  to  obtain  dollar  values  for  the  protection 
operations.  For  example,  a spacelab  mission  which  Is  loaded  horizontally 
in  the  Orbiter  Processing  Facility  would  not  need  to  be  removed  from 
the  orbiter  while  still  on  the  pad.  However,  a Tracking  and  Data  Relay 
Satellite,  which  is  inserted  vertically  into  the  payload  bay  once  the 
shuttle  moves  to  the  launch  pad  might  have  to  be  removed  from  the 
orbiter  prior  to  rolling  the  orbiter  back  to  the  VAB.  For  the  purposes  of 
this  study,  cost  will  be  assumed  to  $2  million  per  day1. 


In  addition  to  the  statistical  study,  a graphical  package  was  under 
development  to  assist  meteorologists  in  reviewing  historical  tropical 
storm  data.  The  computer  programs  are  designed  to  permit  individual 
selection  of  storms  based  upon  specified  criterion,  to  allow  the 


1 Because  the  costs  are  so  variable,  perhaps  a better  currency  for  decision  making 
is  days  instead  of  dollars. 
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historical  data  is  accomplished,  and  should  help  in 
visualization. 
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SECTION  II  DECISION  MAKING 


2.1  SIMPLE  COST  VERSUS  LOSS 

The  cost  versus  loss  approach  has  been  applied  to  decision  making  with 
respect  to  meteorological  events  for  some  time,  as  statistical  methods 
for  prediction  commonly  produce  probabilities  for  the  occurrence  of  a 
specific  event.  As  is  shown  in  the  diagram  below,  a decision  is  made  at  a 
specific  point  in  time  to  protect  assets,  or  not  to  protect  assets.  The 
forecast  event  then  either  occurs  or  does  not  occur.  Costs  are  simply  the 
value  in  the  currency  chosen.  These  costs  are  usually  given  in  dollar 
values,  but  can  be  man  hours,  days  of  delays,  or  some  other  currency. 
Losses  are  usually  expressed  in  dollars,  and  represent  the  replacement 
cost  of  the  item. 


Decision  Event  Payout 


Diagram  1.  Simplified  Cost  versus  Loss  decision  making  tree 
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The  decision  is  made  as  follows: 

//  p < - then  do  not  protect 
JLe 

p „ « r„«cS 

In  the  case  of  protecting  th^2S^t^sThave  showndiat  hurricanes 
a somewhat  arbitrary Tigur  • ..  26  occasions  since  1886.  If  one 

have  passed  within  75  nautical m through  November  (183 

considers  hurricane  seas. an _to  ^st  trom  j ^ ^ day  each,  the 

days) , and  hurricanes  to  hurricane  season  is  found  to 

probability  of  being  hit  on  any  one  d y mparis0n: 

be  26  in  19398.  in  a probability  to  cost/loss  comp 

0.0013403  < 0.002 

Thus,  one  would  not  protect  on  a beenab"lty 

of  the  event  is  less  the  cost/loss .rat  ^ ^ tQexpect  that  rollback 

-’■*  - —*• « 

all! 

2.2  SEQUENTIAL  DECISIONS 

The  record  of  tropical  storm  activrt^  averages  out 

that  of  970  storms,  614  reached  hurricane  st  g icane  strength. 

maWng^ree^for^iore' thanOTe^vent^becomes  complicated  after  very 


74.5  knots  would  spontaneously  appe  clos  Z ln  determining 

-tyo  about , one  ,n  four  chance  of 

having  a hurricane  In  any  g'ven  year. 
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few  iterations.  Thus,  the  example  of  such  a tree  is  shown  below  with 
associated  payouts  for  only  two  events. 


For  each  additional  event,  another  four  pronged  branch  is  added  to  the 
tree  at  all  locations  where  loss  does  not  occur.  For  n events,  the  number 
of  final  nodes  would  be: 


number  of  nodes  = 3*  + x2 

where  the  summation  gives  the  number  of  those  nodes  which  end  in 
losses.  Only  one  node  yields  no  payouts,  occurs  when  you  never  protect 
and  never  have  the  occurrence. 

This  decision  tree  is  based  upon  having  but  one  orbiter  on  a launch  pad 
at  a time,  and  assumes  that  after  a loss  shuttle  operations  would  cease. 
In  reality  this  is  probably  the  case,  but  it  could  be  argued  that  since  the 


10 


loss  of  the  orbiter  is  know  to  be  due  to  a management  decision  as 
opposed  to  an  engineering  flaw,  operations  might  continue  shor  y 
thereafter.  Were  this  scenario  to  take  place,  the  number  of  nodes  would 

increase  to: 

number  of  nodes  = 4" 

We  shall  use  the  first  example  to  generate  the  decision  probabilities. 

This  is  done  by  using  'backward  induction'  from  the  endpoint  to  the 
initial condition  In  our  example,  consider  the  case  where  the  p>(C/L) 
0X  2 the  deepen  maker  should  protect.  Thus,  if  the  decision  maker 
derides  to  protect  on  day  1,  the  cost  for  the  two  days  is  2C.  If  the 
decision  maker  does  not  protect  on  day  1,  he  incurs  a risk  of  pL  of  t : e 
loss  and  saves  -( l-p)C  by  not  protecting.  Thus,  his  expected  payo  ( 

savings)  will  be: 


-pL-(  l-p)C 

Remember  L and  C are  payouts,  and  are  negative  numbers  which 
make“  he  overall  number  positive*.  Thus,  the  decision  maker  should 

protect  on  day  1 if: 

or  - nl.  — Cl  — d)C 


Which  reduces  to: 


p>C  /(L-C) 

The  manager  should  protect  on  the  first  day  based  on  is  new 
relationship.  In  tabular  form  the  threshold  values  for  each  of  the 
possible  situations  are  as  follows. 


Case 

1 

2 

3 

4 


Day  1 
P 
P 

not  p 
not  p 


Day  2 
P 

not  p 
P 

not  p 


Payoff 

-2C 
-C-pL 
-pL-(  l-p)C 

-ri-(i-P)2!L_ 


Optimal  when 

C/(L-C)<p^l 
never^ 

C/L<p<C/(L-C) 
p^C/L 


5 Unless  the  probability  of  the  event  is  .5  in  which  case  one  should  always  protect. 

6 Since  the  payoff  for  case  3 is  less  than  or  equal  the  payoff  of  case  2 for  all  cases, 
case  2 is  never  optimal. 
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If  we  assume  values  bases  for  cost  and  loss  based  upon  dollar  values  of 
$3  billion  for  loss  and  as  mentioned  above  and  $2  million  for  cost  of 
rollback  per  day  with  five  lost  days,7  for  a cost  of  $10  million.  If  the 
probability  of  strike  is  .01  the  table  looks  like: 


Case 

Day  1 

Day  2 

Payoff 

Optimal  when 

1 

.01 

.01 

20 

0.003 3444<p<;l 

2 

.01 

.99 

40 

never8 

3 

.99 

.01 

39.9 

0.003333<p  <0.0033444 

4 

.99 

.99 

59.7 

p^O.0033333 

It  becomes  obvious  that  because  of  the  large  disparity  between  the  cost 
of  protection  versus  loss,  protection  should  be  implemented  whenever 
forecasts  indicate  strike  probability  is  greater  than  some  number  less 
than  one.  As  the  cost  of  protection  increases,  however,  threshold 
forecast  probabilities  also  increase,  albeit  slowly.  However,  using  the 
above  tables  in  a spreadsheet  form,  one  could  easily  tailor  the 
optimization  given  the  revised  cost  and  loss  values  based  upon 
scheduled  launches  and  payloads,  and  even  the  two  shuttle  situation. 


7 Two  days  for  rollback,  one  day  during  storm,  and  two  days  to  get  back  to  initial 
conditions.  Best  case  scenario. 

8 Since  the  payoff  for  case  3 Is  less  than  or  equal  the  payoff  of  case  2 for  all  cases, 
case  2 Is  never  optimal. 
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SECTION  ITT  COMPUTER  TRACK  ANALYSIS 

Another  study  was  initiated  using  historical  data  of  hurricane  and 
tropical  storm  tracks.  These  data  were  acquired  last  summer,  and 
comprise  track  data  for  storms  from  1886  through  1991.  Storm  data  is 
in  ASCII  text  format,  and  contains  six  hourly  information  contaim  g 
position,  wind,  and  sea  level  pressure  (Appendix  1). 

One  coal  set  last  year  was  to  create  the  ability  to  examine  these  data  in 
a graphical  form  It  was  felt  that  by  selecting  specific  storms  similar  in 
nature  to  the  current  storm,  a probability  study  on  forwardmotio 
could  be  undertaken  which  could  then  be  used  along  with  the  NHC 
warning9  to  afford  local  forecasters  another  tool  for  determinate 
landfalf.  In  addition,  the  computer  access  to  track  data  would  allow 
numerous  additional  courses  of  study.  The  source  code  for  t 
programs  are  contained  in  the  appendices  and  program  documentat  o 

is  integral  to  the  source  code. 

3 1 program  development  and  requirements 

Programming  was  written  in  Borland's  Turbo  Pascal  on  an  MS-DOS 
laptop  computer.  The  goal  was  to  create  executable  programs  *at 
would  be  easily  transportable  to  that  type  of  machine,  and  to  the  onen 
Tthe  oroerams  written,  this  goal  has  been  successfully  met.  Machine 

files)  no  significant  revision  of  source  code  is  anticipated. 

One  note  about  the  programming  environment.  It  waschosen  because  it 
satisfied  several  criterion.  First,  it  was  easy  to  edit  code  in  tne  Borianu 
environment  Conversations  with  computer  programmers  at  the 
pointed  out  that  fact.  Secondly,  compilation  linking ; and i inning  a 

immediate  correction.  Finally,  the  graphical  capaMittes  were  great ly  ^ 
enhanced  by  the  extensive  library  of  commands  and  featu 

9 NTT r has  recently  Incorporated  a method  whereby  historical  forecasts  of  similar 
storms  are  used  in  obtaining  forecast  guidance,  and  help  in  assessing  the 
confidence  level  in  the  current  forecast. 
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in  the  environment  I found  it  extremely  easy  to  write  code  to 

accomplish  my  task  in  reasonable  time.  Having  no  Pascal  experience 
(but  speaking  several  other  languages)  the  rather  steep  learning  curve 
was  possible  only  due  to  the  user  friendliness  of  the  language. 


3.2  DATA  AND  SUBROUTINES 

Each  program  uses  one  or  both  of  two  data  files.  One,  distributed 
through  shareware,  is  a database  which  originally  was  produced  by  the 
Central  Intelligence  Agency.  The  documentation  accompanying  that 
program  PLOTMWDB,  contains  an  interesting  history  of  the  data.  It  also 
provides' a scheme  for  unpacking  and  reading  data.  Generally,  data 
points  are  described  by  type  (coastline,  river,  island,  etc.)  and 
coordinates  given  in  minute  form.  Conversion  of  these  data  to  pixel 
address  points  for  screen  display  was  a particularly  satisfying  success. 
The  procedure  named  'MAKEMAP'  accomplishes  this. 

The  storm  track  file,  as  mentioned,  is  a text  file.  Its  conversion  to 
integer  and  real  number  data  proved  to  be  another  interesting 
challenge  which  was  overcome  primarily  with  the  use  of  three 
procedures  which  convert  two,  three  and  four  sequential  text  characters 
into  integer  format  for  use  in  the  storm  plotting  routines,  i hat 
conversion  to  pixel  points  makes  use  of  several  procedures,  one  which 
converts  from  decimal  degrees  to  minutes,  determines  if  the  point  is 
visible  in  the  defined  visible  screen  window.  If  so,  it  is  plotted,  if  not,  it 
is  discarded.  Each  visible  storm  fix  is  plotted  along  with  adjoining  line 
segments  with  different  colored  circles  at  the  fix  points  representing 
storm  strengths,  namely,  depression,  storm  and  hurricane.  Minor  code 
modifications  would  permit  additional  differentiation,  for  example, 
based  upon  category  level.  The  storm  data  acquisition  and  plotting  is 
accomphshed  with  a procedure  named  ’GETSTORM',  and  appears  in 
several  programs  as  does  the  map  making  program. 

Another  interesting  problem  was  in  determining  the  best  way  to  erase  a 
storm  track  in  the  storm  selection  program.  Using  the  exclusive  or 
feature  in  the  graphing  package,  writing  the  screen  with  the  track  twice 
effectively  returns  it  to  the  original  color,  in  effect  erasing  it.  This 
required  reading  a storm  data  file,  and  saving  it  to  a temporary  location 
so  that  it  could  be  reread  and  plotted.  Then,  calling  a write  procedure 
to  plot  the  storm  track,  and  then  calling  the  write  procedure  again  to 
rewrite  it  which  in  effect  erased  it.  This  method  was  required  by  the 
sequential  read  nature  of  the  original  storm  track  data  file  and  the 
inability  to  back  step  easily. 
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The  following  is  a brief  summary  of  the  two  programs  which  evolved 
over  the  course  of  the  summer.  The  first  selects  data,  the  second  plots 

selected  years. 


3.3  PROGRAM  PICKTRAK.PAS 

As  the  name  implies,  this  program  was  created  to  allow  the  user  to 
select  the  storms  of  his  choice.  In  it's  present  form.  It  requests  a st°r 
data  file  name  (source  file)  and  then  asks  for  the  output  file  name.  After 
generating  a map  of  the  area  it  sequentially  plots  the  storm  track,  gives 
leS  information  concerning  that  storm,  and  asks  if  the  user  wants  to 
include  it  in  the  output  file.  Any  keystroke  but  Y (not  case  sensitive) 
bypasses  the  storm.  This  program  has  the  potential  o : bemg  to 

accomplish  many  different  selection  schemes.  Yearly  data,  storms  of 
specified  strength,  storms  passing  within  x miles  of  a location, 
probability  distribution  functions  based  upon  historical  data  may  all  b 
fairly  easily  woven  into  the  code. 

3.4  PROGRAM  PLOTYR.PAS 

Designed  to  allow  the  user  to  examine  storm  data  for  a given  year, 
execution,  the  program  requests  a file  name  which  contains  the  sto 
data  which  the  forecaster  is  Interested  in  displaying.  It  then  asks  for  a 
forward  storm  speed.  This  velocity  is  used  to  generate  event  circles 
which  are  centered  about  KSC,  and  represent  decision  points  f°r 
center  outward)  8,12,24,36,48  and  72  hours.  These  correspond  to  the 
rollback  timeline  event  critical  points  (chart  3).  The  program  ‘hen  shifts 
to  graphics  mode,  generates  the  map  of  the  region,  and  plots  the  storm 
tracksPfor  the  selected  data  file.  This  program  has  the  potential  to  allow 
selection  of  specific  storm  criterion  with  minor  revisions  in  the  source 

code. 
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IV.  CONCLUDING  REMARKS 


Determination  of  a fixed  probability  value  for  making  a rollback 
decision  varies  with  the  number  of  storms  that  are  forecast  to  occur  at 
the  center,  and  is  very  dependent  upon  the  initial  values  one  places  on 
the  cost  of  operations  and  the  loss  of  the  vehicle.  Cost  is  difficult  at  best 
to  quantify,  because  of  the  variability  of  situations  that  might  exist;  one 
shuttle  vs.  two,  recently  moved  shuttle,  processing  accomplished,  and 
even  availability  of  space  in  the  VAB  add  varying  degrees  of  complexity 
to  the  problem.  Loss,  typically  thought  of  as  strictly  a dollar  value,  is 
again  fogged  by  the  value  of  the  space  shuttle  in  the  eyes  of  the  nation, 
and  its  value  in  terms  of  a national  resource.  Replacement  cost  might  be 
prohibitive  in  this  period  of  economic  belt  tightening,  and  the  adverse 
effect  of  such  a loss  on  NASA's  reputation  and  effectiveness  would  be 
disastrous.  For  this  reason,  the  author  feels  that  rollback  decisions 
should  be  made  at  a low  probability  of  strike,  on  the  order  of  1 or  2 
percent. 

The  time  to  make  those  decisions  can  be  fairly  easily  determined  from 
the  NHC  warnings.  Forward  speed  times  48  gives  the  decision  circle  to 
use. 

The  computer  packages  developed  through  the  course  of  the  study  can 
be  used  by  forecasters  to  examine  more  closely  the  historical  data.  They 
also  provide  a strong  departure  point  for  additional  studies  that  might 
improve  hurricane  forecasting.  Some  of  those  would  be  the 
development  of  a statistical  analysis  of  selected  historical  storm  tracks. 
For  example,  one  of  the  tasks  not  accomplished  this  summer  is  a 
'forward  scatter'  capability  based  on  selected  storms.  It  was  felt  that  if  a 
significant  number  of  storms  from  the  historical  record  were  analyzed, 
probabilities  based  upon  behavior  might  become  evident.  For  example, 
if  a storm  300  Nautical  miles  due  east  were  to  begin  tracking  from  a 
heading  of  270°  to  290°,  what  percent  of  similar  storms  then  turned 
back  westward?  In  other  words,  what  are  the  chances  that  the  current 
storm  will  'get  us’?  This  methodology  could  be  verified  by  using  real 
storms  which  could  be  shifted  so  that  their  track  passed  within  a 
specified  number  of  miles  of  the  center.  The  value  of  the  success  of  this 
method  would  allow  managers  to  live  with  a higher  probability  of 
strike. 
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SSV  ROLLBACK  MILESTONE  SCHEDULE 
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ABSTRACT 


The  present  study  takes  the  initial  steps  of  establishing  a better  flame  trench 
design  criteria  for  future  National  Launch  System  vehicles.  A three-dimensional 
finite  element  computer  model  for  predicting  the  transient  thermal  and  structural 
behavior  of  the  flame  trench  walls  was  developed  using  both  I-DEAS  and 
MSC/NASTRAN  software  packages.  The  results  of  JANNAF  Standardized  Plume  Flowfield 
calculations  of  sea- level  exhaust  plumes  of  SSME,  STME  and  ASRM  were  analyzed  for 
different  axial  distances.  The  results  of  sample  calculations,  using  the 
developed  finite  element  model,  are  included.  The  further  suggestions  are  also 
reported  for  enhancing  the  overall  analysis  of  the  flame  trench  model. 


522 


3 


SUMMARY 

Pads  39A  and  B are  being  studied  to ‘ 

can  be  launched  without  damaging  t e exi  & famiiy  Qf  vehicles  which  are 

designated  as  NLS  (National  Launc  external  booster  configurations.  The 

built  around  a common  core  using  been  determined  yet.  Options  include 

engines  for  the  core  and  booste rs  t mve  ^ y e^irtBS  (F-1A).  Russian 

using  old  shuttle  mam  engines  (SSME)d  trench  capacity  will  be  an 

RD-170  engines,  and  solid  fuel  booster ■ * options.  Recently,  the  flame 

important  factor  in  the  decision  of  .these  a^a1'  assumpPtions  for  one  of  the  NLS 
trench  has  been  am »lyged  using ^ M the  importance  of  this  problem 

riccu^te^reUable'soiution  is  required. 

The  purpose  of  this  Sia-.r  ^i^riSrta 

fo'r  ^r^-Sr-uSs*  The  soiution  of  the  problem  requires  the 
following  steps: 

, A three-dimensional  finite-element  model  of  the  flame  trench  ualls. 
i:  ^h«it  flow  conditions  of  the  rochet  utle. . 

1:  £ Predict  the  heating  and  pressure  rates  on  the 

flame  trench. 

• h nut  as  far  as  possible  in  the  limited  time 

The  above  steps  are  carried  out  as  f J element  computer  model  is 

available.  As  a first  ®hep  t^V*ea"^^^^^ij^^^a]^^anc^^struc^tural  behavior  of  the 
developed  for  predicting  the Mrr/MASTRAN  software  packages . Secondly,  the  JANNAF 
flame  trench  using  I- DEAS  and  / obtain  the  gas  dynamic  structure 

Standardized  Plume  flowfield  (SPF)  is  usea  ^ flow  fields  . The  analysis 

of  sea- level  exhaust  plumes  of  of  heating  rates  and  pressure  rates 

is  also  needed  to  gain  a better  described  above  are  not  completed 

on  the  flame  trench  wflls'  Sl"®®  preLnted  in  this  report  should  be  looked 

fully  at  the  present  time,  theresul.  P results  will  be  used  later  to  improve 

at  in  a qualitative  manner.  However,  the  ^ also  reported  for  improving 

the  required  solution.  The  J trLch  It  was  concluded  that  the  three- 
the  overall  analysis  of  the  / 3 ^ trench  can  be  tested  for  any  given 

dimensional  finite-element  model  of  the  flame  tr  section  V. 

NLS  configuration  with  slight  modifications  explain 
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I . INTRODUCTION 
The  existing  fl«  trench 

space  program.  An  identical  hP*h  * e shuttle  in  1981.  The  flame  trench 

pads  were  converted  to  be  used  with  P pads  39A  and  B are  being  studied 

has  not  been  modified  since  its  c°ns  can  be  launched  without  damaging  the 

to  determine  if  a new  family  o designated  as  NLS  (National  Launch 

existing  structure.  The  new  ve  ic  built  around  a common  core  using 

System).  NLS  is  a family  of  vehicles  which  are  built^  ^ ^ ^ and  boosters 

different  external  booster  con  lgu®  de  using  Qid  shuttle  main  engines  (SSME) , 
have  not  been  determine  . p Russian  RD-170  engines,  and  solid  fuel 

TheTlaml  imPortant&factor  in  the  decision 

process . 

The  flame  trench  is  built  °f  fe^t  ^ td^lnd  42°feet  d^V-  There  is  I 

^fi^irSfl^^C^^^  vehicle  to  divert  the  flow  to  the 
north  and  south  exists  from  the  flame  trench. 

The  flame  trench  is  limited . in  ^emper; n“d  been  studiedP  Excessive 
•JSS  ScouP™  the  trench;aiu^crac,  and  excessive  amounts 

of  temperatures  could  damage  the  refractory  coating. 

KSC-STD-Z-0012B , Standard  for  Jlame  ». flee 
criteria  standard  currently  available  to  “e  width  and  distance  away 

establishes  minimum  design  requirements ■ for  ^ “ig  , Currently,  the 

from  the  engines  that  the  f! La™6  _£f ^Snshed  as  a minimum  of  1.6  times  the 
deflector  width  has  been  empirical ly . impinging  on  a common  surface.  The 

sum  of  all  the  vehicle  engine  nozz  then  be  sized  to  accommodate  the  flame 

width  and  depth  of  the  flame  trench  must  then  be  sized 

deflector . 

The  purpose  of  this  study 

flame  trench  for  different  exhaus  vehicies . The  study  is  carried  out 

trench  design  criteria  for  future  NLS  1 h shows  the  general  overview  of 

based  on  the  drawing  number  79K10338  and  Hgur 

the  PAD39B. 
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Main  thrust  of  the  summer  research  study  can  be  summarized  as 


(1)  Survey  literature  of  available  computer  codes  for  the  problem  solution 
including  the  nozzle  design,  plume  flow,  plume  impingement  and  finite -element 

programs . 


(2)  Developing  a three-dimensional  finite-element  model  using  I-DEAS  and 
MSC/NASTRAN  softwares  for  the  flame  trench  walls. 


(3)  Using  Joint  Amy.  Navy.  NASA.  Air  Fore.  (JANNAF)  Standardized  Plume  Flowfi.ld 
code  (SPF)  for  predicting  the  gas  dynamic  structure  of  sea- level  rocket  ezhaus 

plumes . 


(4)  Better  prediction  of  the  pressure  and  heating  rates  on  the  flame  trench  walls 
using  Source  Flow  Plume  Impingement  Program  (SFPLIMP) . 
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II.  descriptions  of  the  computer  codes  required  for  the  study 

The  computer  codes  retired  to  solve  the  problem  are  briefly  described 

below: 

2.1  RAMP  CODE 

The  Reacting  multiphase  (RAMP)  ‘"idTvtTety^f 
under  government  funding  and  use  to  so  ,R  f The  code  is  capable  of 

with  real  gas.  supersonic a direct  interface  with  the 
performing  rocket  nozzle  flow  calcula  that  ^ considers  the  exchange  of 

JANNAF  CODE.  The  code  is  fully  coupl - lumes . The  results  of  the  nozzle 

momentum  and  energy  between  the  gasP  1 P form  of  radial  distributions  of 

^"tT  ex".  as  '*•  initial  conditions  for  the  JANNAF  code. 

2.2  JANNAF  CODE 

There  has  been  remarkable  th7 p^tmTphTnomena  in  the  past 

o£  the  complicated  structure  are"  available  to  give  the 

decade.  A number  of  review  papers  state-ofP  the-art  in  rocket  exhaust  plume 

researcher  a general  overview  of  the  state 
analysis  (Refs.  2 through  4). 

Joint  Army,  Navy,  NASA  Air  standard 

plumes.  Figure  2 illustrates  a schematic  of ^ the  P (spF.n)  of  the  JANNAF 

computational  methodology  employed  m the 
code  is  described  in  Ref.  5. 

The  code  mainly  contains  three 

Capturing  and  Turbulent  Mixing  *°W°n°£cems  lnttlal  conditions  and  external 
input  data  (run  parameters  and  chemical  kinetic  data 

lanina^vi  ^"^ity^nd^hermal^onduccivity  data  embedded  in  a subroutine. 

r nf  the  code  provides  an  inviscid,  frozen 
The  Shock- Capturing  Componen' c region  It  uses  shock-capturing  to 

cassis 

approximately  turf  “ thr“  ^ “ 

the  Mach  disc. 

_ pnr  of  SPF  provides  a viscous,  turbulent  mixing 

The  Turbulent  Mixing  Component  of  SPF  p chemisCry.  Cas/particle 

solution  of  the  plume  shear  layer  ^ fluid  viscosity  and  thermal 

conductivity .^^(f^offers different'  forms  of  turbulence  modeling  through  rs 

component . 
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2.3  SFPLIMP  CODE 

The  Source  Flow  Plume  Impingement  Program  (SFPLIMP)  is  a program  designed 

adauion  to  the ^ 

h&z  risers 

cylinders,  spheres  and  polynomials  of  revolution). 

2.4  I-DEAS  FEM  PACKAGE 

I-DEAS  Finite  Element  Modeling  (FEM)  allows  the  use, ' “ bul^ 

element  model,  including  physical  and i^Sre- vrol easing  ’ and  post-processing 
conditions.  This  package  as  exce  nEAS  Model  Solution.  The  model 

features.  Solving  the  model  generally  runs  in  I s^te  heat  transfer. 

^Sher^  -nsfe.  I-DEAS  Model 

Solution  can  write  the  entire  FEA  model  to  outside  solver  package. 

2.5  MSC/NASTRAN  CODE 

MSC/SASTRAN  Is  a large  scale  general  Purpose  “^“"u^/method  "ihis 

solves  a wide  variety  of  engineering  pro  em*  transfer  with  constant  or 

in  transient  solution  algorithm. 

MSC/NASTRAN  operates  in  a batch  mode.  Input  to  ^^datSd  ecSTs^constructed 
in  the  form  of  a card  deck  or  card  image  i*  to 

preparing  the  cards  for  executive  con  ro  nerformed.  It  also  declares  the 

identify  the  job  and  the  type  o so  u ion  be Executed,  such  as  maximum  time 

general  conditions  under  which  the  job  is  Thg  user  next  sets  the  data 

allowed,  type  of  system  defines  the  load  case,  selects  the 

dat^from  *■  Sis 

- S-SS*  S%C^dtsCkan  the  data  necessary  to 

describe  the  thermal  model  and  its  loading  conditions. 
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III.  METHODOLOGY 

Figure  3 shows  the  computational  scheme  required  for  the  problem 
configuration.  The  results  fro.  the  JANHU , Td and  SscV^  ~des 
configurations . 

3.1  FINITE  ELEMENT  MODEL 

The  flame  trench  facing  to  the  north  side  of  Pad  39B  is. 
dimensional  finite  element  model  starting  act  e =‘se°  centerline  of  the  plume 

running  approx^at^ll^^O  feet  toward  tl^jtwr^tl^^long^ the  c^  ^ ^ 

SLTiTiunfS?  LI  280  nodes  and  162  "***££5  andlr"  JZZZ 

modeled  with  the  restraint  set  as  shown 

in  Figure  5 . 

3.2.  HEATING  LOADS  AND  PRESSURE  LOADS 

The  impingement  of  the  Space  Shu, :tl. 

Motors  (SRM)  »r  ~d  Solid  Roc,  et  S—ctive  bating  to 

rirc^nentSience  6 presents  the  results 

thermal  and  pressure  environment  imposed  on  elem ents  of  LC  39  by  p g 

the  Space  Shuttle  Vehicle  (SSV)  exhaust  plumes  at  the  sea^level^^  ^ ^ t<> 

north  drift  trajectory  .The  pl^epropertiejsg^s  immersed  ln  the  ASRM  or  SSKE 
establish  pressures  and  heating  1 J radiation  from  plume 

“t  ii  »l  readily^ compute^due 

flow  field  environments  during  launch. 

Both  SRM  and  SSME  flame  trenches  are  ^“pSg.Ton' thel^e 

— tor  r 

sjsr^ss  r^^ds 

ssr  Lr  s £ 

flame  trench  as  described  in  Re  erence^^  fla8me  deflector  varies  with  the 

Pdii?anc“.h*droewn  th.P^  deflect^  and  flame  trench,  taken  to  the  0.2  power. 
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The  heat  loading  conditions,  used  in  the  present  study,  include  the  face 
heat  influx  distribution  to  fifty-four  of  the  elements  as  presented  in  Table  1 
as  explained  in  the  previous  paragraph  and  face  convection  applied  to  the  back 
surface  of  the  model.  The  heat  transfer  coefficient  for  face  convection  was 
calculated  based  on  the  recommendation  of  Churchill  and  Chu  (Ref.  7). 


The  results  of  the  gaseous  and  particle  plume  impingement  pressure  loads 
from  the  plumes  are  also  included  in  Reference  6.  It  is  assumed  that  the  gaseous 
flow  and  particles  travel  parallel  to  the  trench  walls.  The  estimates  of  pressure 
loads  to  the  flame  trench  are  presented  as  a result  of  indirect  impingement.  The 
face  pressure  level  of  2 atmospheres  is  used  as  recommended  in  Reference  b. 
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IV.  RESULTS 


Since  the  I-DEAS  software  package  can  not  P*°^e required*  th^cllculations 
, . .up  rime  dependent  loads  are  requiieu, 

shoUd  £.  looked  aC  ^Ucaeively . 

Figure  6 depicts  the  dl*pl*cwnt  contour  ^liMs^ftr^con^  level  6 

pressure  loading  of  2 atmospheres  inches  The  maximum  displacement 

indicates  the  maximum  displacement  of  .002  inches.  stiffeners  at  the 

contour  levels  occur  close  to  the  midpoint  of^et^  deformed  shape  of  the 
center  of  the  model.  Following  p g the  structure  deforms  m a 

structure  is  shown  in  Figure  7.  Figure  8 shows  the  stress 

manner  which  agrees  with  its  expected  deformation.  g 
contour  levels  for  the  same  loading  condition. 

Figure  9 illustrates  the  steady-state ^e^^^^^^ive  heat  transfer, 
model  based  on  the  applied  face  heat  u were  observed  at  alumina  brick 

Maximum  temperatures  of  2600  deSreeS * ® d*ix  provides  the  necessary  MSC/NASTRAN 

close  to  the  deflector  as  expected  Jp  . . Table  2 presents  the  results  of 

-nite  element  program  during  the  first 

three  seconds  of  launch. 

Both  I-DEAS  and  MSC/NASTRAN  ate  rteTirrt^n  “hermal 

due  to  the  thermal  loading  conditions.  distribution  in  the  model  due  to  the 
analysis)  will  calculate  the  g The  seCond  run  (structural  analysis) 

given  thermal  loads  and  boundary  co  'rature  loads  to  a structural  analysis 

uses  these  calculated  temperatures  as  temper, at  ^ temperatures . Figure 

to  calculate  the  displacements  and  stress  conCour  lines,  respectively. 

10  and  11  illustrate  the  displacement  and  stress  co 

ralril1ated  with  the  JANNAF  code  using 
The  sea  level  plume  definitions  we^g  code  Tabies  3 through  5 include 

an  exit  plane  start  &®n***b  temperature  and  pressure)  of  ASRM,  SSME  an 

the  plume  properties  («ach  number  distances  at  a radial  distance  of  2 

STME  sea-level  plumes  for  diff 
feet . 
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V.  CONCLUSIONS  AND  RECOMMENDATIONS 

A computational  scheme  has  been  proposed  and  partially  developed  for  the 
flame  trench  capacity  of  different  NLS  exhaust  conflguratro^  aree -dimensional 
finite  element  model  presented  in  this  study  can  be  used  effectively  to  analyze 
thermal  and  structural  acceptability  of  the  flame  trench  for  proposed  loading 
conditions  Further  improvements  on  the  FEA  model  may  include  addition  of  the 

reinforced  concrete  material  conditions  to  the  raode1’  ad^ltl0n  resul S^vith  I 

dependence  to  the  properties  and  the  convergence  check  of  the  results 

better  mesh  refinement  of  the  FEA  model. 

Suggestions  for  completion  of  the  problem  are  listed  below: 

- Use  of  reacting  multiphase  nozzle  code  for  Saturn  V and  Russian  RD-170  engines. 

- Run  of  the  JANNAF  Plume  code  for  Saturn  V and  Russian  RD  170  engine  exit  nozzle 
conditions . 

- Calculations  of  the  impingement  pressure  loads ^n^‘dS  “nd 
radiation  heating  loads  on  the  flame  trench  walls  using  SPFPLIMP  code. 

- Setting  temperature  and  stress  limits  for  the  flame  trench  model. 
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appendix 


ID  DIRECT  TRANSIENT, 


P3DM0D1 


$ 

$ MAXIMUM  CPU  TIME  ALLOWED  FOR  THE  JOB 

$ 

TIME  10  $ UNITS  ARE  IN  MINUTES 

I the  thermal  analyzer  portion  of  msc/nastran  is  to  be  used 

$ 

APP  HEAT 


$ THE  TRANSIENT  ALGORITHM  IS  TO  BE  USED 

$ 


SOL  8 9 

CEND  $ END  OF  EXECUTIVE  CONTROL  DECK 

$ 

$***END  OF  EXECUTIVE  CONTROL  . . . START  CASE  CONTROL 
$****** 

HSf  SHs-s.-srH  sjissr.™. 

$ COMMENT  CARDS  WOULD  THEN  NOT  BE  PRINTED 
ECHO-BOTH 


$ 

$ 

$ 

$ 


PECIFY  THE  SUPERELEMENTS  TO  BE  RUN.  THIS 
ND  SPECIFIES  ALL  FOR  THIS  MODEL  THERE  IS 
UPERELEMENT  WHICH  ENCOMPASSES  THE  ENTIRE 


CARD  IS  REQUIRED 
BUT  A SINGLE 
MODEL 


SEALL=ALL 
DLOAD-300 
TEMP (ESTI) =400 
IC-400 
TSTEP=500 

$ SELECT  THE  OUTPUT  DESIRED 

$ OUTPUT 

THERMAL-ALL 

SUPER-ALL 

FLUX-ALL 

SUBTITLE-CASE  SET  2,  LOAD  SET  2 
$ END  CASE  CONTROL  DECK 
BEGIN  BULK 

*****  BULK  DATA  RECEIVED  FROM  THE  I-DEA 
*****  1085  LINES  OF  ENTRY 


TLOAD2 , 300 ,2,,0.,l.+6,0.,0., +TL 
+TL1 , 0 . , 0 . 

TEMPD , 400 , 70 . 

TSTEP , 500 , 10 , .2,1 
PARAM  AUTOSPC  YES 
PARAMPOST  - 2 
ENDDATA 


■k'kX'k'k'k 

'k'k'k'k'k'k 
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TABLE  1 

The  Face  Heat  Influx  Distribution  on  the 
Brick  Elements  using  I-DEAS  software 


HEATING  RATE  (Ref.  6) 
BTU/(FEET**2  SEC) 


DISTANCE  FROM  THE 
DEFLECTOR  BASE 
(FEET) 


3.5 

10.5 

2 

240.16 

282.44 

6 

192.81 

226.76 

10 

174.04 

204.69 

15 

160.55 

188.83 

21 

150.12 

176.57 

27 

142.70 

167.83 

33 

137.08 

161.22 

40.5 

131.91 

155.14 

47.5 

128.86 

151.54 

DISTANCE  FROM 
THE  FLOOR 
(FEET) 


12 

.5 

24 

.5 

31. 

5 

38.5 

372. 

68 

372. 

68 

282. 

44 

240. 

56 

299. 

20 

299. 

20 

226. 

76 

192. 

81 

270. 

09 

270. 

09 

204. 

69 

174. 

04 

249. 

16 

249. 

16 

188. 

.83 

160. 

55 

232. 

97 

232. 

97 

176. 

.57 

150. 

.12 

221. 

.45 

221. 

,45 

167 

.83 

142, 

.70 

212 

.73 

212 

.73 

161 

.22 

137 

.08 

204 

.71 

204 

.71 

155 

.14 

131 

.91 

199 

.96 

199 

.96 

151 

.54 

128 

.86 
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TABLE  2 

Results  of  the  Transient  Analysis  with 
MSC/NASTRAN  Program 

TEMPERATURE  (DEGREES  IN  FAHRENHEIT) 
DISTANCE  FROM  THE  DEFLECTOR  BASE 


TIME 

(SEC) 

X-0' 

X=12 ' 

X=24 ' 

X=36 ' 

X=50 ' 

0.0 

100 

100 

100 

100 

100 

0.2 

227 

185 

174 

168 

165 

0.4 

505 

371 

337 

318 

309 

0.6 

731 

523 

471 

441 

426 

00 

o 

893 

634 

568 

530 

511 

1.0 

1037 

734 

655 

610 

588 

1.2 

1160 

819 

730 

679 

654 

1.4 

1272 

898 

800 

743 

713 

1.6 

1376 

972 

864 

802 

772 

h-1 

oo 

1474 

1043 

926 

859 

826 

2.0 

1568 

1111 

985 

914 

878 

2.2 

1659 

1178 

1043 

967 

929 

2.4 

1747 

1243 

1100 

1019 

979 

2.6 

1834 

1308 

1157 

1071 

1029 

2.8 

1920 

1373 

1212 

1122 

1078 

3.0 

2003 

1436 

1268 

1173 

1126 
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TABLE  3 

Sea  Level  ASRM,  SSME  and  STME  Exhaust  Plumes 
Axial  Mach  Number  Distributions 


Axial  Distance 
(FEET) 

50 

100 

150 

200 

250 

300 

350 

400 

450 

500 

550 

600 


MACH  NUMBER 

ASRM 

SSME 

2. 

363 

1. 

466 

2 . 

363 

1. 

145 

2. 

358 

0. 

615 

2. 

096 

0. 

387 

1. 

758 

0. 

278 

1. 

,467 

0. 

.216 

1, 

.224 

0, 

.177 

1 

.026 

0 

.150 

0 

.869 

0 

.131 

0 

.743 

0 

.116 

0 

.642 

0 

.105 

0 

.561 

0 

.096 

STME 


2.690 

1.441 

0.812 

0.494 

0.344 

0.262 

0.211 

0.177 

0.153 

0.134 

0.120 

0.109 


TABLE  4 

Sea  Level  ASRM,  SSME  and  STME  Exhaust  Plumes 
Axial  Temperature  Distributions 


Axial  Distance 
(FEET) 

50 

100 

150 

200 

250 

300 

350 

400 

450 

500 

550 

600 


TEMPERATURE 
(DEGREES  RANK1NE) 

ASRM 


3879 

3879 

3898 

4233 

4607 

4848 

4973 

4988 

4904 

4740 

4496 

4175 


SSME 

STME 

4918 

4060 

4564 

4849 

3198 

4194 

2134 

2890 

1597 

2080 

1308 

1635 

1134 

1371 

1021 

1202 

943 

1086 

885 

1003 

842 

941 

808 

893 
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TABLE  5 


Sea  Level  ASRM,  SSME  and  STME  Exhaust  Plumes 
Axial  Pitot  Pressure  Distributions 


Axial  Distance 
(FEET) 

50 

100 

150 

200 

250 

300 

350 

400 

450 

500 

550 

600 


PITOT  PRESSURE 
(PSIA) 

ASRM 


105.8 

105.8 

105.3 

84.5 

61.6 

45.4 

34.3 

27.3 
23.1 

20.5 

18.9 

17.9 


SSME 

STME 

51.9 

97.6 

31.4 

43.2 

18.6 

21.8 

16.2 

17.2 

15.5 

15.9 

15.2 

15.4 

15.0 

15.2 

14.9 

15.0 

14.9 

14.9 

14.8 

14.9 

14.8 

14.9 

14.8 

14.8 
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Figure  2 
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A Schematic  Representation  of  the  Plume  Flowfield  Regions 
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Figure  3 Computational  Scheme 
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Figure  6 Displacement  Contour 


Lines  of  Constant  Pressure  Loading 
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abstract 

The  intent  of  this  study  is  « ^estigate  tta 
an  Ethernet  LAN  segment  to  fib  p . Distributed  Data 

time  it  is  proposed  to  support  an  cluster  to 

interface  (FDDI)  bactoone  and  pg  stations  will  have 

“bfoor\nterfa«£aCeTheP%:a^Lrsetatrons  on  the  Ethernet 
LAN  will  be  segmented. 

The  rationale  for  E to  the 

configuration  to  a ti  ^rkQt-ations  and  the  movement  of 
applications  ^to  allowing  environment,  extensive  document 
transfers , and  compute  intensive  applications. 
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SUMMARY 


The  computer  hided 

(CAD/CAE)  graphics  Networks  (LAN).  These  LAN’s 

composed  of  several  Local  Area  bridges  or  routers.  At 

a?e  interconnected  through  either  ^bridg  netwrk#  The 

present  this  LAN  is 1 “ are  various  Intergraph  and 

design/ engineering  works products , mainly.  The  host  is 
Digital  Equipment  corporation  P Intergraph  servers,  for 

a VAX  cluster  and  there  are  sevei 

plotting/printmg/disk. 

. 4-  • r,  from  the  present  Ethernet 

The  rationale  for  migra  ^ Q backbone  is  due  to  the 
configuration  to  a fibe  P tions  and  the  movement  of 
increase  in  the  “u"^er°£  lowing  environment,  extensive 
document  «ans?e?s,  and  compute  intensive  applicatron  . 

_ j • „ 1988  the  Ethernet 

In  a NASA/KSC  report  presente  only  fourteen  (14) 

utilization  was  under  5« na^.  headquarters  LAN.  At  present 
Intergraph  "dotations  o been  observed  in  short  bursts  and 
utilization  of  60  70  ; n longer  time  periods.  There 

presently  ^w^ksta^ions^n^he  NASA/KSC  HQ  LAN. 

The  proposed  solution  is  to  use For^gh^s p^d^ intelligent 

are  ? various  configurations  for  high  ^p  multiple 

switching  bridges  ^hey  Token  Ring  or  others.  The 

LAN’s,  either  FDDI,  Ethern  , advantages  over  shared 

intelligent  switch  offers  include  an  increase  m the 

SannefhhN's.  The  ^vantages  include  reduction  an 

>"hin  crwinecti v i t y f and  &b  e 1 1 e r traffic  management. 

This  configuration  of  FDD? 

the  Ethernet  LAN  segmentation  ana  w g Intergraph  servers, 

bC  rrfsta^ns 

developers  have  reported  in  throughput  is  usually 

upgraded  to  FDDI  • «ily  to  the  10  Mb/s  output 

not  recognized,  this  1S  applications  are  not  taki  g 

advantageff "the fighef bandwidth  available  from  FDDI. 
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1 . INTRODUCTION 


design/engineering  workstations _ are > va rious  »te^er  h?st“s 

plotting/printing/disk. 

. i _ tr»  V f 1 us  ter  for  their  work 
The  workstations  use  the  DrotoCols  on  the  LAN,  mainly 

DecNet,  with  some  XNS  (Intergraph  protocol). 

The  intent  o£  this  study  is  to > ^estigat t^th, ^9«ti' on^of 

the  Headquarters  Building  P°rti  £ posed  to  support  an 

optics.  At  the  present  time  it  is  £”P°S“  ckbone  and  to 
Fiber  Distributed  Data  ‘a“'T  ervers  to  a fiber 

op t i c ^ ^ n t e r face.  ^ Pos^iblf  some  Workstations  will  have  an 
FDD I interface. 

follow  the  following  items  will  be 
in  the  sections  «'«£°11  . ' NRSA/KSC  cAD/CAE  graphics 

discussed.  A review  o , for  migration,  Ethernet 

network  configuration,  ra  intelligent  switch 

and  FDDI  principles  “°"e"Wd  “e^ltint  ' configuration. 

andC p r e s en Nation  o?  the  proposed  LAN  re-configuration. 

2.  NASA/KSC  CAD/CAE  GRAPHICS  NETWORK  CONFIGURATION 

The  NASA/KSC  CAD/CAE  Jink's  * star^coupler  tying 

composed  of  a VAXcluste  finnn  gig  and  a VAX  6000-510. 

together  a VAX  11/7  with  an  ALPHA 

The  VAX  780  and  VAX  6510  p°  { ? ? i)  . it  has  not  been 

7610  AXP  and  an  ALPHA  4000  AXP  ( 9-  oresently  on-line 

decided  whether  the  host  ^ster  The  VAX  cluster  is 

will  be  removed  are  kept  tion  environment  through  an 

interfaced  to  the  ”°Lkf “s/Routers  to  workstations  that 

building  (««.*)■ 

The  NASA/KSC  CAD/CAE  LAN  pre^®"£^y  ^gOVj„t|rg°aph^ 1 DEC  7 and 
^s.CA%ChAeE  netwo  r k3  E 1 communicate  s & b^  tween  IA.  oac.  EDL. 
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gif  and  the  Merritt  Island  Courthouse  (MICH)  on  Broadband 
Communication  Distribution  System  (BCDS)  Channel  FM1 . ere 
is  also  a gateway  to  NSI-DECnet  network. 

There  are  several  DEC  workstations  in  the  Mechanical 
Engineering  area  and  Boeing  has  a DEC  workstation.  These 
are  VAXstation  4060's  and  3176 's. 

The  Headquarters  CAD/CAE  LAN  is  a single  segment  Ethernet 
network  and  their  is  presently  an  FDD! 

the  Kennedy  Metropolitan  Area  Network  (KMAN)^  i J;d 

provide  connectivity  to  other  sites  (in  the  fu  ) 
presently  to  off—KSC  sites. 

3 . RATIONALE  FOR  MIGRATION  TO  FDD I 

The  rationale  for  migrating  from  the  present  Ethernet 
configuration  to  a fiber  optic  backbone  is  due  to  the 
increase  in  the  number  of  workstations  and  the  movement  of 
the  applications  to  a windowing  environment,  extensive 
document  transfers,  and  compute  intensive  applications. 

in  a NASA/KSC  report  (2)  presented  in  1988  t^®  Ethernet 
utilization  was  under  5%  and  there  were  only  fourteen  (14) 
Intergraph  workstations  on  the  Headquarters  LAN.  At  present 
utilization  of  60-70  % has  been  °^erved  in  |h( ort  bursts  an^ 
10-40  % averaged  over  longer  time  periods, 

presently  58  workstations  on  the  NASA/KSC  HQ  LAN. 

This  is  then  the  rationale  for  obtaining  an  increase  in 
, J4.u  relieve  present  congestion  and  provide  the 

caDabilities°  for  uturePgi‘Owth.  It  should  be  noted  that  in 

network  communications  terminology  bandwidth  1S  channel^in 
r>f  fiata  that  can  be  transmitted  ovei  a channel  in 
bits^second.  This  is  a different  definition  than  used  in 
electrical  engineering  terminology. 

Thprp  are  several  alternatives  for  providing  greater 
bSidth  for  the  CAD/CAE  LAN.  One  is  through  segmentation, 
this  is  a reconfiguration  of  the  LAN  network  into  segments 
PPePeby  one  tries  to  keep  traffic  local  to  the  segment  and 

°rne^lt°sbtfninusaaCgCeeSoSf  various 

bSS^Ut^a^o^^  in£  PPe1  netwaorkd.  Trillion 
delay  is  the  amount  of  time  between  the  “me  the  message  is 
sent  from  the  source  to  being  received  by  the  intende 
destination.  In  the  LAN  being  investigated  it  is  presumea 
that  most  traffic  is  between  the  workstations  and 
VAXcluster , thereby  segmenting  would  not  alleviate  the 
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the  channel  would  be 
problem  between’1 *£  wo^tiofand  the  — ter^  ltc£ 

concluded66 that  poor  performanc, ^ bandwidth  and 

~s?r^^  - -*  :: ::  to 

segments  can 

having  each  woiksta  entire  LAN  on  one  segmen  keeping 

f/«aTf  \es  &5E 

cS  wo?rtations/hostSon .«  ^ Ptodu^celve^the 

segment,  r.e.,  those^  highly  Localized  traffic 
most  tratiic, 

workgroup.  whether  segmentation  will 

_ . „ to  determine  whetner  y if  local 

jv  Mrui  p of  thumb  ao-20  rule , i.e.,  rr 4 r 

increase  IAN  °aPofC1the  traffic  generated  and  remo^1Qn 

traffic  is  30  *°£an  capacity  will  incf®atSionycan  sometimes 

is  20  % then  the  LAN  c p segmentation  ca  everal 

of  that  workgroup  of  co  traffic  must  ®ation. 

increase  congestion,  1 se  ents  to  reach  the  ts  i£ 

',1WPS;rfase  of  handwidth  could  occur  £ different  sources 

«U““.  considerable  remotett- ^ their  destination. 

t-ravprsinQ  a cominon  seg 

travel smy  segmentation,  is  tne 

Another  ' s“tching . “p^odes  and'^ble  to 

able^to  J-o-o^e6 

switch,  betwee  rapid  rate.  This.^°  te  to  FDDI  rather 

externally , at  * *ery  r *Uows  one  to  migrate  to 

sr^siu^«  ft-r  optics  cations  between 

They  also  “«t  k »■ 

workgroups  and  c In  g,enera^el°Y  (latency),  and 

rgh4Whr^gb4u£niS 

transparent  communicati  reasonable 

co  of  the  NASA/CAE  LAN  k“i  workstations 

in  the  case  ot  rpasons . One,  most  ot  tn®  st  would 

solution  for  sever  controllers  and  saturated 

are  not  upgradeable  to^  the  syste„  is  »‘{t‘,iU  be 

also  be  P(°h  d kload  increases  the  jCDI  configurations 

neede^d-  ^^nin^^  AVa”e°  should  be  initiated, 
at  KSC  and  pianniuy 
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4 . ETHERNET  TECHNOLOGY 

. 4.  /Tc-trt?  on?  -*  farrier  Sense  Multiple  Access  with 

Ethernet  (IEEE  80  . SMA/CD(  (3i  provides  the  services  o£ 

the  loter  6 two  layers  in  th, * £«rnat ^ 

StS  protocols'^  S«  ’SnZZTiU.  in  «*i. 

model . 

, t__j  description  of  their  functions 

foho^The^lowest 

rdCi^edthWeitnextraiamyer  if  the  Data  LinK  ^ - which  £ 
concerned  with  prep  arm,  1 :he  li; ae  for  o{  the 

framing  the  packets  so  that  the  detection.  This  is 

packet  boundaries,  addressing,  layer,  for  which  Ethernet 

the  layer,  along  with  the  Physical ^ayer^  this  layer 

is  used.  The  h|*t  layer  b through  the  sub-networks, 

determines  how  packets  are  * layer,  which  mainly 

Above  this  layer  is  the  Tr*nspor „nl?s  \t  needed,  and 

fragments  the  P^ket  ^ ments  ^ will  be  correctly  put  back 
insures  that  these  fragm  session  layer,  which  is 

together.  The  next  laV«  the  Session  lay  other 

basically  the  user's  interface  to  « lication  layers. 

Sly  ^u'seS™  oflasx”8' “c?  « data  compression  and  data 
distribution,  respectively. 

The  Physical  layer  characteristics  for  Ethernet  are: 

Data  rate:  10  Million  bits/second 
Maximum  station  separation:  2.8  Kilometers 

£££?  SfiSalaU?  £Eial  cable,  optical  fiber 

Physical^opology : Stir,  Bus,  Hierarchical  star 
Maximum  frame  size:  1518  bytes 
Frames  on  LAN:  single 


The  Data  Link  characteristics  are: 


Link  control  procedure:  Fully  distributed  peer  protocol, 

with  statistical  contention 
Message  protocol:  Variable  frame  size,  best  effort 

delivery" 

Ethernet  is  a carrier  sense  protocol^  i.^.f  terminating 

monitor  the  cable  during . theii  x “““^“^"iected.  when 

transmission  immediately  1 transmit  a packet  a carrier 

an  Ethernet  station  wishes  to  transmit  a pa 
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sense  is  performed  forcing  the  Ration  to  if^any 

transmission  is  in  t,'  sender  can  transmit  after  an 

to  be  transmitting  then  the  sender^  ^ ^ more, 

appropriate  delay.  channel  idle  at  the  same  time  and 

stations  will  sense  thechan  1 ossibiiity  of  producing  a 
begin  transmitting.  This  continue  monitoring  and  sense 

collision.  The  station  will  .c°n^nin^f  detected  the  station 
this  collision.  When  a C°11:L  rescheduie  a re-transmission 
will  stop  transmitting  ionl  t]_me  is  random  and  is 

feleactefu^in^  binary'  exponential  bacKoff  algorithm. 

5.  FDDI  TECHNOLOGY 

FDDI  is  a token  passing  t ® ch ™ u it ip le  *tr ameV  on  the  network 
protocol  (4).  There  can  .b®  ring,  or  a dual  ring 

which  is  configured  as  a logic, al  t^y  optical  fiber, 

of  trees.  The  media  standard  "cut  over  copper  is  also 
although  transmission  of  th  P the  standard,  in  the 

being  considered  and  sh°jjla  later  is  Copper  Distributed 
future.  The  designation  f^^SSSth  is  100  Mb/s.  Of 
Data  interface  (CDDI).  for  a predetermined  db  loss 

course  the  transmission  distan  f &g  compared  to  a copper 

is  greater  with  a £^er  wfbh  cross-talk  and  radiation 

cable.  There  is  also  concern  with  cro  ^ addressed, 

mainly^through^wi^ted  pa^  and  shielding. 

As  in  Ethernet  FDDI  provides  services  at  the  lower  two 
levels  of  the  OSI  model. 

A brief  description  of  the  co«unication  on  the  ring  is 
described  below. 

There  are  dual  f ibe r* ansm i s s 10^ ^t^ ^nd  ^he  other  is  the 
used  as  the  primary  dual  rings  are  independent 

secondary  transmission  path . T d * or  & component. 

A^ that 

^ “if  two8  £ “o^r  then  system  can  hecobe 
isolated . 

Stations  (components)  are  f rom  % station  to  the 

ring.  Data  is  station  performs  the  repeater 

next  station  downstream.  frame  and  re-transmit  to  the 

next"  station"' S possibly  inserting  data  frames  of  if. 

own. 
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The  right  to  transmit  data  frames  is  controlled  by  a token. 
The  token  is  passed  from  station  to  station,  and  when  a 
station  has  the  token  it  can  add  data  to  the  transmission 
frame  as  long  as  it  is  allowed  to  hold  the  token,  this  is 
determined  by  a system  parameter  called  the  token  holding 
time.  When  a frame  returns  to  the  sending  station  it  is 
stripped  from  the  ring. 

In  the  FDD  I standard  one  can  have  multiple  frames  on  the 
LAN,  as  compared  to  the  IEEE  802.5  communications  ring.  In 
IEEE  802.5  once  a station  has  captured  the  token  and 
inserted  data  onto  the  ring,  it  has  the  channel  captured 
until  the  receiving  station  removes  the  data  and  re-sends  an 
appropriate  token. 

The  fiber  optic  cable  can  be  broadly  classified  as  either 
Multimode  ( MMF ) or  Singlemode  ( SMF ) fiber.  Multimode  optic 
fiber  means  that  there  will  be  multiple  modes  transmitted  on 
the  cable.  The  core  sizes  are  typically,  50,  62.5,  or  100 
microns.  This  creates  modal  dispersion  which  affects  both 
the  distance  and  the  achievable  bandwidth.  MMF  can  use 
inexpensive  light  sources,  as  compared  to  SMF.  The  main 
result  from  using  MMF  cable  is  that  maximum  station 
separation  is  considerably  less  than  with  SMF  cable,  but 
attendant  costs  for  transmission  components  are  cheaper. 

SMF  has  only  a single  mode  of  transmission.  The  core  size 
varies  from  8-10  microns,  laser's  must  be  used  for 
transmission  and  there  must  be  precision  alignment. 
Station  separation  can  reach  20  Kilometers,  or  more  with 
SMF.  Normally,  SMF  cables  are  used  for  intra-building 
connections . 

The  characteristics  of  FDD I are: 

Data  rate:  100  Million  bits/second 

Maximum  station  separation:  2 Kilometers  for  MMF  or 

greater  than  20  Kilometers  for  SMF 
Maximum  number  of  stations:  500 

Medium:  Optical  fiber  and  copper  shielded  twisted  pair 

Logical  topology:  Dual  Ring  or  Dual  Ring  of  Trees 

Physical  topology:  Star,  Ring,  Hierarchical  Star 

Maximum  frame  size:  4500  bytes 

Frames  on  LAN:  Multiple 

Access  Method:  Timed-token  passing 
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6 . FDDI  COMPONENTS 


The  FDDI  concentrator  < 3, 5J  has  ^ Vter  .^Thl 

FDDI  topologies,  whic  provides  a connection  point 

concentrator  is  a component  ^at  provia  ^ Qther  FDDI 

for  various  end  stations  in  rne 
devices  ( f i9 • 3 ) • 

There  are  four  port  types  used  in  FDDI  components: 

tka  incoming  primary  ring  and  the 
° outgoing°secondary  ring  of  the  FDDI  dual  ring. 

O port  B connects  to  outgoing  primary^ring^and  th 

incoming  secondary  ring  of  rne 

o Port  M connects  a co^*ntr*£°s  port  is^nly  implemented 
or  another  concentrator.  This  pore 

in  a concentrator. 

O port  s connects  a singly  attached  component  to  a 

concentrator . 

One  can  have  either  dual ors YsAcf  ^h^DAC  is  used  in  the 
single  attached  concentrators  d to  the  upper  level 

dual  ring,  whiiethe  SAC  is  to  the  dual  ring  via 

ring  through  a DAC . A DAC  W] l11  accesses  the  dual  ring  via 

S S p^^hS^stonn^c^d  to  an  upper  level  M port. 

The  concentrator  is  a P£Y^cal  / s^vL  s /works  tat  ions  and/or 
allows  the  connecuon  ol^osts/se^  ^ 
other  concentrators  to  rn 

There  are  two  types  of  c°nne^^ i^n  (ShS^end °the  other  is 
One  is  the  single  attached  station  ^AS^a  ^ ^ g 

the  dual  attached  st^1°^n_{1^DDi  ring  via  a M type  port  of 

a°  concent rator-0 tS  sT^fe 

isolated  ifS^STS^  -W  • 

Dual  attached  stationsFD^n^ual  ring^A  DAS6  has  ^wo Sports 
secondary  rings  of  the  F connects  to  another 

an  A port  and  a B port  The  A por  connects  to  another 
stations  B port,  while  the ^ B P 0 a concentrator  to 

connectS  to  S?  FDD?  °d 

thingring  ^ 
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several  DAS  stations  are  "turned  off",  without  having 
optical  bypass  switches,  the  FDDI  network  will  be  become 
isolated.  A DAS  can  be  connected  to  a concentrator  by  using 
the  B port  for  the  connection. 

FDDI  controllers  connect  end  user  stations  to  the  FDDI 
network.  The  controllers  can  be  either  SAS  or  DAS.  The 
controller  has  an  interface  to  a particular  workstation/host 
or  server  system  bus.  It  should  be  noted  that  not  all 
components  have  FDDI  controllers  available,  especially  i 
there  architecture  is  of  an  earlier  generation.  They  can 
also  be  quite  expensive  in  comparison  to  the  value  of  the 
component  to  be  upgraded. 

7 . FDDI  TOPOLOGIES 


The  FDDI  standard  permits  a diverse  set  of  topologies  (5). 
In  this  report  several  will  be  discussed.  The  ones  to  be 
presented  are  the  following: 

o standalone  FDDI  Concentrator  Topology 

This  topology  consists  of  a single  attached  concentrator 
from  which  components  can  be  attached.  These  stations 
can  be  either  SAS  or  DAS.  This  topology  can  be  used  to 
attach  endstations  together  that  form  a workgroup.  Tl11® 
is  a useful  topology  if  the  building  is  already  prewired 
for  fiber  and  one  does  not  wish  to  install  a dual  ring 
FDDI  backbone  (fig.  3). 


Dual  FDDI  Ring  Topology 

This  topology  consists  of  dual  attached  stations  being 
connected  directly  into  the  dual  FDDI  ring.  This 
topology  can  be  useful  if  their  are  a small  number  of 
stations.  The  disadvantage  is  that  it  does  lend  itself 
well  to  additions/moves/changes.  If  a station  is 
disconnected  then  one  has  caused  a fault  in  the  ring, 
if  this  is  a single  fault  "wrap  around"  will  occur.  If 
there  is  more  than  one  fault  then  stations  will  be 
isolated.  This  topology  should  not  be  used  for  DAS 
connections,  unless  there  is  little  risk  of  the  useis 
disturbing  the  connection.  The  utilization  of  dual 
attached  concentrators  in  a dual  ring  topology  is  an 
accepted  topology,  since  they  are  presumed  to  be 
in  service  at  all  times  and  this  also  will  provide  for 
expansion  (fig.  4).  This  will  be  discussed  later. 
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o 


Tree  of  Concentrators 

in  this  topology  oonoentrators  are  wired  in 

hierarchical  star  topology-  One^cc and  other 

designated  as  the  root  °f  it  These  components  can 
components  are  connected  to  it.  These  c v topology 

be  SAS,  DAS,  or  other  concentrators^  In 

the  LAN  is  not  disrupted  ^^^^^fons  Additional 
and/or  their  J>ovement  attaching  another  level  of 
stations  can  be  aJ4ed<.bL?no5  is  best  suited  for  a 
concentrators.  This  op  ..  topology  tends  to  be 

Singlmanaqeable  TiU^oncIn^rato’rs  tend  to  Isolate 
f aults^rom^he 'rest  o£  the  system  (fig. 5)  • 

0 Dual  Ring  of  Trees 

This  topology  is  a 

tree  of  concentrator  co  concentrator  topologies  in  a 
connects  distinct  tree  of  concentrator ^ ^ fddi 

dual  ring.  This  dual  11  9 topology  when  buildings 
backbone.  This  is  a suitable^opol^y  ^ ^ tfce 
will  b£  connected  vi  mercied  types . 

advantages  and  disadvantages  of  both^erged^^^ 

It  is  the  most  £le*l£>l® rsases  the  availability  of  the 
fali]  t tolerance  and  increase 

FDDI  dual  ring  backbone  (fig.  4 and 
o Dual  Homing 

The  FDDI  standard  allows  i^called  “dual 

tree  topologies . Thl£Jf®  topology  is  constructed  as 

Snows'.  Th^dual^rin^ha^at  least  two  concentrators^ 
i»  «.  An  M Pott  from  one  c^truto^x.  ^ 

level,Pand  °an  S port'of  the ^concuutrator^s 
connected  to  the  B port  of  b£±  n to  the  DAS,  while 

connection  is  the  primary  connection^  bacRup 

the  A port  co“e2i°2rlLry  connection  fails  then  the 
connection.  If  the  primary  ^ This  concept  can 

backup  connection  will  connections  from  the  same 

also  be  applied  to  two  M f urther  diversified 

concentrator.  The  c°^ept  can^be  are  being  used  in  the 

by  putting  the  coJ^?e  different  FDDI  rings.  This 
dual  homing  concept  on  ditteien  attached  stations 

concept  can  be  utilize  ttachment  interface  cards, 

by  installing  two  sxngle_  ^tachmenr  fddi 

This  configuration  is  not  supported 
standard  ( f i<3  • 6 ) • 
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8 . FDDI  INTERCONNECTION  DEVICES 

Bridges  and  Routers  are  interconnection  devices  for  FDDI 
networks  (5)  Bridges  act  as  Data  Link  relay  between 

networks.  In  our  case  the  bridge  would  have  to  connect  FDDI 
to  Ethernet  LAN's.  Bridges  are  protocol-independent  and 
basically  store  and  forward  devices. 

Basic  FDDI  to  Ethernet  bridge  functions  include: 

o Source  address  tracking:  This  will  allow  the  bridge  to 
determine  when  to  forward  a packet  and  when  to  keep 
local . 

o Frame  forwarding  and  filtering:  Frame  forwarding  is 
achieved  through  table  lookup,  while  filtering  is  the 
process  whereby  frames  are  prevented  from  crossing  the 

bridge . 

o spanning  tree:  The  logical  topology  of  an  extended  LAN 
must  be  loop  free,  i.e.,  there  must  be  a single  path 
between  all  attached  stations.  To  prevent  logical  loops 
bridges  must  form  a logical  configuration  called  a 
spanning  tree. 

o Translation:  The  bridge  must  modify  the  fields  of  the 
forwarded  frame  to  make  it  compliant  with  the  format  of 
the  network  to  which  it  is  being  sent. 

o Fragmentation:  Frames  may  have  to  be  fragmented  when 
moving  across  the  bridge  boundary.  FDDI  frames  can  be 
up  to  4500  bytes,  while  Ethernet  frames  are  restricted 
to  a maximum  of  1518  bytes.  Therefore,  the  frame  from 
FDDI  to  Ethernet  may  have  to  be  fragmented. 

o Bridge  management:  Ability  to  monitor  conditions  and 
implement  filters  on  extended  networks. 

9.  INTELLIGENT  SWITCH 

There  are  various  configurations  for  high  speed  intelligent 
switches  (6).  They  are  used  to  interconnect  multiple  LA  , 
either  FDDI,  Ethernet,  Token  Ring  or  otheis. 
intelligent  switch  offers  many  advantages  over  shared 
channel  LAN's.  The  advantages  include  an  increase  m the 
bandwidth  latency  (propagation  delay)  reduction,  an 
increase  in  connectivity,  and  better  traffic  management. 
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Depending  upon  the  vendor  the  switch  may/may  not 
interconnect  various  communication  standards  internally. 
Some  of  the  configurations  are: 

o Ethernet  to  Ethernet  switching 
o FDD I to  FDDI  switching 

o FDDI  to  Ethernet  to  Token  Ring  switching  externally 
o FDDI  to  Ethernet  switching  internally 

There  are  switches  which  allow  only  Ethernet  to  Ethernet  or 
Token  Ring  to  be  internetworked  by  bridging. 


The  FDDI  to  FDDI  switching  configuration  is  basically  a FDDI 
concentrator.  One  can  typically  purchase  FDD1  line  cards 
with  two  (2)  or  more  ports.  These  ports  would  support  SAS 
or  DAS  devices,  or  presumably  SAC  or  DAC  concentrators. 
Through  the  purchase  of  appropriate  bridges  FDDI  and 
Ethernet  segments  can  be  interconnected.  T>ese  ®Ml  ° ate 
set  up  concurrent  connections  to  obtain  an  j*gg?:®g 
throughput  much  higher  than  a single  segment  could  obtain 
These  switches  achieve  low  latency  by  not  utilizing  the 
store  “d  forward  concept,  but  to  use  cut-through 
forwarding.  This  technique  forwards  a packet  as  soon  as 
destination  address  is  determined  from  the  header. 

Another  switching  configuration  has  backplanes  for  various 
communication  LAt^'  s , sue?,  as  FDDI,  Ethernet  and  Token  Ring 
i e internal  to  the  switch  is  a collapsed  netwoik  backbone 
appropriate  to  the  technology  to  be  utilized.  One  could 
connect  SAS/DAS  stations  to  the  internal  FDDI  duai  r g, 
Ethernet  workstations  to  the  internal  Ethernet  L*  ',la  a” 
Fthprnet:  card  and  also  suitable  connections  foi  Token  Ring. 
Then  externally  through  appropriate  bridging  one  can 
interconnect  the  various  communication  configurations.  This 
offers  more  flexibility  than  an  FDDI  switch,  but  the 
switching  speed  is  determined  by  the  manufacturer  of  the 

bridge . 

Both  of  the  above  solutions  offer  the  advantage  of 
non-proprietary  solutions  for  obtaining  interconnectivity. 
Therefore16  if ^ bridge  technology  is  upgraded  one  could 
purchase  a bridge  with  that  technology  and  integrate  into 
the  network.  The  disadvantage  is  that  numerous  components 
will  have  to  be  purchased  to  integrate  the  network  into  the 
switch  environment  and  overall  propagation  delay  will 
probably  be  larger,  than  if  the  bridging/interconnection  is 

integrated  into  the  switch. 
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Another  type  of  switch  can  be  called  the  intelligent  switch, 
in  that  the  internal  configuration  is  such  that  FDDI  can  be 
integrated  with  Ethernet  communications  (fig.  7).  The 
concept  is  to  have  a collapsed  FDDI  backbone  internal  to  the 
switch  and  be  able  to  bridge  from  external  FDDI  or  Ethernet 
stations  through  the  FDDI  backbone.  There  is  also  the 
possibility  of  switching  at  the  module  level  without  going 
through  the  FDDI  backbone  for  the  Ethernet  module.  The  FDDI 
module  must  go  through  the  FDDI  backbone  internal  to  the 
switch . 

Each  Ethernet  module  contains  ports  which  can  have  either 
Ethernet  LAN  segments  connected  or  a private  Ethernet 
channel,  i.e.,  an  end-station.  Ethernet  segments  attached 
to  a unique  module  are  switched  by  an  internal  bridging 
function  to  the  appropriate  output  port.  Ethernet  segment 
connections  for  ports  on  separate  modules  must  go  through 
the  FDDI  internal  backbone  to  arrive  at  the  destination 
address.  The  same  is  true  for  FDDI  SAS/DAS  connections. 

This  allows  very  sophisticated  interconnections  between 
dissimilar  LAN  segments  and  also  allows  gradual  migration  to 
FDDI  devices  as  bandwidth  needs  increase.  The  communication 
between  Ethernet  and  FDDI  is  transparent.  Due  to  the  usage 
of  the  FDDI  internal  backbone  (backplane)  there  is  a maximum 
of  two  low  latency  "hops"  between  any  two  stations. 

Normally,  a switch  will  have  filtering  capability  based  on; 
source  address,  destination  address,  protocol  type,  or  some 
combination  of  these  attributes.  This  can  be  usually  done 
on  a per  port  basis,  or  workgroup.  Some  routing  functions 
can  be  obtained  through  this  capability. 

10.  WIRING  SYSTEM  TOPOLOGY 

The  wiring  topology  (fig.  8)  is  divided  into  several 
subsystems  (5): 


o Campus  backbone  system 
o Building  backbone  subsystem 
o Horizontal  subsystem 
o Work  area  group  subsystem 


The  campus  backbone  system  links  clusters  of  buildings 
together  within  a site.  The  building  backbone  subsystem 
provides  the  link  between  the  campus  backbone  and  the 
horizontal  areas.  The  horizontal  subsystem  provides  the 
connection  from  the  building  backbone  to  the  work  area 
group.  The  work  area  group  subsystem  connects  the  user  end 
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stations  to  the  LAH  system.  Typically,  there  **  als°t  “ 
administrative  subsystem  for  managing  the  other  subsystem 
and  their  various  components. 

one  could  propose  that  the  FDDI  KMAN  which  is  currently  in 

i# £ ’ST  •SSSET'S 

bUil?e?lly°tiZuTtas^n?f  there3  arfnumarous  otherW's  for 
completely  true,  since  tnei. e In  factf  the  BCDS  is 

proposedaas°a' bacKup^network  for  the  proposed  configuration. 

11.  CONFIGURATION  FOR  MIGRATION  TO  FDDI 
The  present  Ethernet  LAN  in 

2S&SP!  5K  ^ourc^ 

andPaio^ngeSnec°erss S&Tth.  intelligent  switching 
configuration  is  proposed. 

This  configuration 

Workgroup  switches  foi  the  th  where  an  additional 

a proposed  switch  for  the f first  “ wi'n  allow  migration  to 
LAN  is  present.  Tnis  c°nnyui.aL  will  also 

FDDI  when  workstations  are  upgraded  to  FDDI.  provide 

allow  the  Ethernet  DAN  to  I ae  , ^“f  ied,  which  ^ould^r^^ 

greater  ac“ss  h £°yAX  “luster  and  the  various  servers  have 

FDDI°controllers1^vaddable  and  ^nce  will  b ^teg^d  into 

connection^ to  t^Metropomfn  Area  Network  will  be  provided 
by  a Router . 

The  VAX  cluster  has  the  ca^^1^e  woul^b^designated 
Ethernet  and  FDDI -^“the  1other  the  secondary.  By  utilizing 

athisthop?Ionarthe  existing  SuHs 

ou^of0 service^ or  is  overloading  both  entry  points 

to  the  network  could  possibly  be  utilized. 

The  proposed  intelligent  switch  is  from  the  Synernetics 
Corporation  and  has  four  modules  available  (7). 

o system  Processor  Module  (SPM) 
o FDDI  Enterprise  Access  Module  (FEA  ) 
o FDDI  concentrator  Module  (^CM) 
o Ethernet  Switching  Module  (ESM) 
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The  SPM  module  is  dedicated  to  the  management  of  the  system 
Ind  it  continually  monitors  the  system  and  is  used  to 
configure  the  system.  This  module  is  required. 

The  FEAM  provides  A/B  ports  for  connecting  the  switch  to  an 
FDD I backbone. 

The  FCM  is  an  FDDI  concentrator  and  allows  one  to  connect 

S.  "““".-a,  a“..syarf..-s‘a-..r^!““ 

~ iss  suxsssi 

bri?9e  JjSS ns^v: i.f°^™rS5^eS^lS^"°&al  to 

SI  Hiu  rsnxsjrts?  £SS 

(fig.  9)  . 

other  has  ^1^)^ 
utilized  in  both  switches. 

, - naMiitv  -in  the  switch  environment,  the 

horizontal8 switches  are  dual^omed  off  ^^^“^^rSa^e 
if  thoene  ofln9the  concentrator  modules  becomes 

operate  in  this  manner  ^/^"^“'ter , there  a?e  DAS 

controllers  available  for  the  VH  =J;Ust,  servers  that 

f/e1  E^rnet" ne^or^nd9  fSr  some  of  the 

Intergraph  workstations . 

should  be  sufficient  at  this  time. 

fhiuld0npr9ov?dei0n;  “ re°lhiai£lea  TUT  “for^the  "Sg 
design/development  environment  and  also  provide  a pa 
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. a Fnr,T  network  environment  as 

«soi?«s  mbecome°n  avail  able  and/or  the  network  becon.es 
saturated  (fig-  10)- 


13.  SUMMARY 

The  proposed  ^elU^nt^ 

path  for  migration  fro] necessitates  greater  bandwidth.  The 
available  and  loading  ;]^faSt^tealso  provides  a gateway  to 
intelligent  switch  configuration  ax  h it  becomes 

E—o^s^S'^r^les  on  the  elding 

switch.  t 

This  configuration  should and^t^Lst^U^n  of  FDDI 
the  Ethernet  LAN  < 5e9”®n Cluster  various  Intergraph  servers, 
controllers  for  the  VAX  cluste  > have  a high  workload, 

and  several  VAX  workstations  wh\c^zehEthernet  workstations 
one  also  has  the  option  to  privatise^  ^ nQted  that  other 
if  the  load  demands.  tSt  until  all  workstations  are 

developers  have  report  e in  throughput  is  usually 

upgraded  to  FDDI  a sxzabie  incre  tQ  the  10  Mb/s  output 

not  recognized,  this  is  d applications  are  not  taking 

advantage^of  ^he higher  bandwidth  availabie  from  FDDI. 

several  items  should  be  addressed  in  future  work: 

o A simulation  of  ^ J 

comparison^^various  systems , so  that  re 

configuration  can  be  "fine  tuned 

o A reliability  study  of  various  configurations^so^that 

required^?  or^^certain^evel^of  reliability. 

o There  should  be  a network  ^age  constructed^whlch^lU 

be  updated  automatically,  if  P components  are  done, 

deletions  / movement  / upgrades 
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Figure  2.  nasa/ksc  cad/cae  LAN  - HQ's  Building 
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Figure  3.  FDDI  Concentrator  Figure  4.  Dual  Ring  Topology 


Figure  5. Tree  of  Concentrators 


576 


Figure  6.  Dual  Homing 


BUILDING  -I  BU1LD,NG  *2 

Figure  8.  Wiring  Topology 
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NASA  CAD/CAE  FIBER  OPTIC  LAN 
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